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ABSTRACT
The ability to connect a microgrid to the grid is an important step in the
development and evolution of the modern power system. The principle objectives
of this research are (1) to simulate a simple microgrid consisting of a PEM hydrogen
fuel cell, load and connection to the grid and (2) to evaluate the resulting microgrid
control system on a corresponding experimental microgrid.
The microgrid simulation demonstrated that the control algorithms can operate the
microgrid in both islanded (VSC with voltage and frequency regulation) and grid
connected (VSC with current control for power transfer).
The experimental laboratory microgrid was constructed and operated in real-time
performing its black start and managed transitions between island and grid
connected modes of operation. The synchronization method adjusted the island
microgrid to become in phase with the grid and tracked well under steady state and
load changing conditions. The synchronization process brought the island in phase
with the grid within 400 ms. Passive island detection was demonstrated with the
restoration to grid operation. The grid connected voltage and current THD were
under 1%.
Keywords: Microgrid, Interconnection, Synchronization, Voltage Source Converter,
PEM Fuel Cell

iii

ACKNOWLEDGMENTS
I wish to express my sincere thanks to my supervisor Dr. Jin Jiang for his guidance,
support and patience.

This research would not be possible without financial

support from the University of Western Ontario, the Natural Sciences and
Engineering Research Council (NSERC), the Ontario Research Fund (ORF) and the
Ontario Fuel Cell Research and Innovation Network (OFCRIN).

I would also like to

acknowledge the valuable feedback and advice provided by my research advisory
committee members: Dr. Rajiv Varma and Dr. Amirnaser Yazdani as well as the
assistance of Dr. Xinhong Huang who is the research engineer with the Distributed
Generation Laboratory at UWO. My thanks also go out to the other members of the
DG Lab at UWO for their assistance and support.
I would especially like to thank Dr. Shailendra Jain of NIT Bhopal India who began
the development of the Single Stage Inverter used in this research.

The

development of the research equipment would not have been possible without the
financial support provided by Dr. Jiang. The cooperation of the personnel from the
Physical Plant and Capital Planning Services Division was essential to permit this
research to be conducted. The grid connection would not have been possible
without the support from the personal from Physical Plant working closely with the
electrical inspectors from the Electrical Safety Authority. As well, I received support
from many equipment vendors and suppliers providing guidance and advice. In
particular I would like to acknowledge the kind gift of the Intertie Protective Relay
(M-3520) provided by the Beckwith Electric Company. The construction of the
laboratory research equipment would also not have been possible without the
support provided by the Engineering Electronics Shop and the University Machine
Services who assisted in the fabrication process.

iv

DEDICATION
I am truly blessed to have a supportive wife who accepted the sacrifices necessary
to allow me to pursue my studies. Without the love and support from Catherine I
would not have been able to return to University from industry. Her encouragement
and understanding made it possible to return to academia and immerse myself into
looking for solutions to the problems of energy systems that is of vital importance to
everyone.

v

TABLE OF CONTENTS

Volume I
CERTIFICATE OF EXAMINATION ......................................................................................... ii
ABSTRACT .................................................................................................................................. iii
ACKNOWLEDGMENTS ............................................................................................................ iv
DEDICATION ................................................................................................................................ v
TABLE OF CONTENTS ............................................................................................................. vi
LIST OF TABLES...................................................................................................................... xix
LIST OF FIGURES .................................................................................................................... xxi
LIST OF APPENDICES ......................................................................................................... xviii
DEFINITIONS AND NOMENCLATURE ............................................................................ xxix
1

INTRODUCTION ................................................................................................................ 1
1.1 Motivations ......................................................................................................................................... 1
1.1.1 Evolving Power System ................................................................................................ 1
1.1.2 Microgrids .......................................................................................................................... 1
1.1.3 Smart Grid .......................................................................................................................... 2
1.1.4 Applications Utilizing Microgrids ............................................................................. 3
1.2 Problem Statements ....................................................................................................................... 3
1.2.1 Grid Connection vs. Island Operation ..................................................................... 4
vi

1.2.2 Islanding Detection ........................................................................................................ 4
1.2.3 Ride-Through Capability .............................................................................................. 4
1.2.4 Control Algorithm ........................................................................................................... 4
1.2.5 Interconnection ............................................................................................................... 5
1.2.6 Unregulated Fuel Cell .................................................................................................... 5
1.3 Objectives ............................................................................................................................................ 5
1.4 Scope of Research ............................................................................................................................ 6
1.5 Contributions ..................................................................................................................................... 7
1.6 Challenges ........................................................................................................................................... 7
1.6.1 Standards ........................................................................................................................... 7
1.6.2 Laboratory Microgrid .................................................................................................... 8
1.6.3 Power Quality ................................................................................................................... 8
1.7 Organization ...................................................................................................................................... 8
1.8 References ........................................................................................................................................ 12
2

MICROGRID BACKGROUND ........................................................................................ 14
2.1 Microgrids ........................................................................................................................................ 14
2.1.1 Microgrid and Distributed Generation ................................................................ 15
2.1.2 Classifications of LV Microgrid Applications..................................................... 16
2.1.3 Benefits of Microgrids ................................................................................................ 17
2.2 Microgrid Operation .................................................................................................................... 20
2.2.1 Essential Components ................................................................................................ 20
2.2.2 Microgrid Control ........................................................................................................ 21
2.2.3 Standards and Guidelines ......................................................................................... 21
2.2.4 Interconnection Protection ...................................................................................... 22
2.2.5 Safety ................................................................................................................................ 22
2.3 Laboratory Microgrid ................................................................................................................. 23
2.3.1 Grid .................................................................................................................................... 23
vii

2.3.2 Fuel Cell ........................................................................................................................... 24
2.3.3 Inverter ............................................................................................................................ 24
2.3.4 PCC (Point of Common Coupling) .......................................................................... 24
2.3.5 Load ................................................................................................................................... 24
2.4 Microgrid Components ............................................................................................................... 25
2.4.1 Power Electronic Interface....................................................................................... 25
2.4.2 Interconnection Rack ................................................................................................. 26
2.4.3 dSPACE Real-Time Controller ................................................................................. 27
2.5 References ........................................................................................................................................ 28
3

MICROGRID OPERATION ............................................................................................. 30
3.1 Power Flow ...................................................................................................................................... 30
3.1.1 General Principles........................................................................................................ 30
3.1.2 Power Flow in a Microgrid ....................................................................................... 33
3.1.3 Grid Connected Power Delivery ............................................................................. 36
3.1.4 Island Operation Power Delivery .......................................................................... 36
3.2 Connection State ........................................................................................................................... 38
3.2.1 Grid-To-Island Transition ......................................................................................... 39
3.2.2 Island-To-Grid Transition ......................................................................................... 39
3.3 Power Quality ................................................................................................................................. 39
3.3.1 Harmonic Distortion ................................................................................................... 40
3.3.2 Voltage Dip ..................................................................................................................... 42
3.3.3 Microgrid Impact on Power Quality ..................................................................... 42
3.4 Islanding ........................................................................................................................................... 44
3.4.1 Islanding Policies ......................................................................................................... 44
3.4.2 Islanding Standards .................................................................................................... 45
3.4.3 Island Indicators........................................................................................................... 46
3.4.4 Passive Island Detection ........................................................................................... 46
3.4.5 Reclosing ......................................................................................................................... 47
viii

3.4.6 Non Detection Zone..................................................................................................... 47
3.5 Interconnection ............................................................................................................................. 48
3.5.1 Grid Connection Implementation .......................................................................... 49
3.5.2 Connection Requirements ........................................................................................ 49
3.5.3 Protection Design......................................................................................................... 50
3.5.4 Single Line Protection Overview ............................................................................ 51
3.5.5 Protection Enhancements ........................................................................................ 52
3.6 Microgrid Research Activities.................................................................................................. 53
3.6.1 Research Areas.............................................................................................................. 53
3.6.2 University Research Programs ............................................................................... 55
3.6.3 Government Research Programs ........................................................................... 55
3.6.4 Demonstration Systems ............................................................................................ 56
3.7 References ........................................................................................................................................ 56
4

FUEL CELL ELECTRIC MODEL..................................................................................... 59
4.1 Fuel Cell Source.............................................................................................................................. 59
4.2 Fuel Cell Theoretical Output Voltage ................................................................................... 61
4.2.1 Nernst Equation............................................................................................................ 61
4.2.2 Irreversible Losses ...................................................................................................... 62
4.2.3 Ballard Nexa PEM Fuel Cell Module ...................................................................... 62
4.3 Hydrogen Fuel Cell ....................................................................................................................... 63
4.3.1 Fuel Cell Potential ........................................................................................................ 63
4.3.2 Reversible Open Circuit Voltage ............................................................................ 64
4.3.3 Reactants and Product Pressures .......................................................................... 64
4.4 Activation Loss ............................................................................................................................... 65
4.4.1 Activation Polarization .............................................................................................. 65
4.4.2 Cross-Over and Internal Current Loss ................................................................. 66
4.4.3 Total Activation Loss .................................................................................................. 67
4.5 Concentration Loss ....................................................................................................................... 68
ix

4.6 Ohmic Loss ....................................................................................................................................... 69
4.7 Parasitic Losses.............................................................................................................................. 70
4.8 Scaling Cell Representation to Stack Level ........................................................................ 72
4.8.1 Load Dependent Temperature Change ............................................................... 73
4.8.2 Stack Temperature ...................................................................................................... 74
4.9 Operation of Fuel Cell Power Module ................................................................................... 75
4.9.1 Operational Analysis of Fuel Cell Power Module............................................. 76
4.9.2 Revised Electric Model............................................................................................... 78
4.9.3 Benefits of the Revised Electric Model ................................................................ 79
4.9.4 Electric Model Implementation .............................................................................. 79
4.9.5 Experimental Results ................................................................................................. 81
4.9.6 Model Comparison and Discussion ....................................................................... 81
4.10

4.10.1

Simulated Operation of Fuel Cell....................................................................... 84

4.10.2

Model Auxiliary Losses Support ........................................................................ 85

4.11
5

Ideal Fuel Cell Model .............................................................................................................. 84

References ................................................................................................................................... 86

SYNCHRONIZATION ...................................................................................................... 88
5.1 Synchronization Techniques .................................................................................................... 88
5.2 dq-PLL ................................................................................................................................................ 89
5.3 Selection of Synchronization Source .................................................................................... 92
5.3.1 Black Start ....................................................................................................................... 93
5.3.2 Island ................................................................................................................................ 94
5.3.3 Grid .................................................................................................................................... 95
5.3.4 Open-Loop ...................................................................................................................... 95
5.4 Frequency Tracking ..................................................................................................................... 95
5.5 Tracking Technique ..................................................................................................................... 96
5.6 Island Validity ................................................................................................................................ 99
x

5.7 System Startup ............................................................................................................................... 99
5.8 References for Island Operation ............................................................................................. 99
5.9 Island to Grid Transition ........................................................................................................ 100
5.10

6

Grid References ...................................................................................................................... 100

5.10.1

Three Phase PLL .................................................................................................... 100

5.10.2

Phase Calculation .................................................................................................. 100

5.10.3

Verification of Grid Existence ........................................................................... 101

5.11

Reclosing Sync Algorithm .................................................................................................. 101

5.12

References ................................................................................................................................ 102

MICROGRID CONTROL MODEL DEVELOPMENT ............................................... 103
6.1 Voltage Source Converters ..................................................................................................... 103
6.2 Control Objectives ...................................................................................................................... 104
6.3 Control Variables ....................................................................................................................... 105
6.4 Simplified Grid Connection .................................................................................................... 106
6.5 Grid Connected Control System Model.............................................................................. 107
6.5.1 Model Constants and Parameters ........................................................................ 108
6.5.2 Laboratory Inverter Architecture........................................................................ 108
6.5.3 Model Analysis ............................................................................................................ 109
6.5.4 Operating Frequency ................................................................................................ 110
6.5.5 The Effects of Transformer and Filter ............................................................... 111
6.5.6 DC Voltage Compensation ...................................................................................... 112
6.5.7 VSC Linear Model ....................................................................................................... 113
6.5.8 Controller Dynamics ................................................................................................. 113
6.5.9 Disturbance Compensation .................................................................................... 116
6.5.10

Current Limitation ................................................................................................ 116

6.6 Grid Connected Operation (Current Control) Model .................................................. 116
6.6.1 Development of Grid Connected Model ........................................................... 117
xi

6.6.2 dq Axis Compensator................................................................................................ 119
6.7 Island Operation (Voltage Control) Model ..................................................................... 120
6.7.1 Model Analysis ............................................................................................................ 122
6.7.2 Development of Island Model ............................................................................... 123
6.7.3 Voltage Controller ...................................................................................................... 123
6.7.4 Current Controller ..................................................................................................... 126
6.8 Microgrid Dual Mode Controller ......................................................................................... 127
6.8.1 Control Signal Transformation ............................................................................. 127
6.8.2 Dynamic Controller ................................................................................................... 128
6.9 Control System Reference Generation............................................................................... 129
6.9.1 Reference Currents.................................................................................................... 129
6.9.2 References for Island Operation .......................................................................... 130
6.10
7

References ................................................................................................................................ 131

TRANSITION BETWEEN MODES OF OPERATION ............................................. 133
7.1 Supervisory Controller Overview ........................................................................................ 133
7.1.1 Supervisor External Interfaces ............................................................................. 134
7.1.2 Supervisory Reference Generation ..................................................................... 135
7.1.3 Control Mode Parameters....................................................................................... 136
7.2 Operating Mode Transitions ................................................................................................. 137
7.2.1 System Start-up .......................................................................................................... 137
7.2.2 Support States ............................................................................................................. 139
7.2.3 Island .............................................................................................................................. 139
7.2.4 Grid Connected ........................................................................................................... 141
7.2.5 Shutdown ...................................................................................................................... 143
7.2.6 Restart ............................................................................................................................ 143
7.3 System Disturbances................................................................................................................. 143
7.3.1 Connection Status Changes .................................................................................... 144
7.3.2 Load Changes ............................................................................................................... 144
xii

7.3.3 Grid Connected Mode Changes ............................................................................. 144
7.4 Grid Connection Transition Power Flow .......................................................................... 145
7.5 Control Modes.............................................................................................................................. 145
7.5.1 Load Following............................................................................................................ 146
7.5.2 Curtailment .................................................................................................................. 146
7.5.3 Peak Shaving ................................................................................................................ 146
7.5.4 Export ............................................................................................................................. 147
7.5.5 Idle ................................................................................................................................... 147
7.5.6 Open-Loop .................................................................................................................... 147
7.5.7 Forced Island ............................................................................................................... 149
7.5.8 Fault ................................................................................................................................ 149
7.5.9 Black Start ..................................................................................................................... 149
7.6 Dynamic Controller ................................................................................................................... 149
7.6.1 Controller Selection .................................................................................................. 149
7.6.2 Controller Activation ................................................................................................ 150
7.7 References ..................................................................................................................................... 150
8

MICROGRID SIMULATION MODELS ...................................................................... 151
8.1 AC & DC Sources ......................................................................................................................... 151
8.1.1 Grid .................................................................................................................................. 151
8.1.2 Nexa Fuel Cell Module .............................................................................................. 151
8.2 Open-Loop ..................................................................................................................................... 152
8.3 Frequency Reference Generation ........................................................................................ 153
8.4 Current Controller ..................................................................................................................... 156
8.4.1 Primary Current Control ......................................................................................... 157
8.4.2 Primary Current References .................................................................................. 158
8.4.3 Current Reference Tracking Performance ....................................................... 158
8.5 Voltage Controller ..................................................................................................................... 159
xiii

8.5.1 Independent Reference Generation .................................................................... 160
8.5.2 Voltage Regulator....................................................................................................... 161
8.5.3 Current Controller ..................................................................................................... 161
8.5.4 Voltage Reference Tracking Performance ........................................................ 161
8.6 Supervisory Controller ............................................................................................................. 162
8.6.1 State Monitor ............................................................................................................... 163
8.6.2 Mode Transition Logic ............................................................................................. 163
8.6.3 Supervisory Testing .................................................................................................. 164
8.7 System Start-up and Synchronization .............................................................................. 165
8.7.1 Synchronization Selection ...................................................................................... 166
8.7.2 Synchronization Evaluation System ................................................................... 167
8.7.3 System Start-up Reference Signals ..................................................................... 170
8.7.4 Microgrid to Grid Synchronization ..................................................................... 174
8.7.5 Frequency Adjustment............................................................................................. 174
8.7.6 Power Output During Start-up ............................................................................. 175
9

MICROGRID SIMULATION RESULTS ..................................................................... 176
9.1 Island and Transition Operation ......................................................................................... 176
9.1.1 Island Operation During Start-up ........................................................................ 177
9.1.2 Island Start-up to Grid Connection ..................................................................... 178
9.1.3 Island Operation After Grid Connection ........................................................... 180
9.1.4 Island Operation Special Cases ............................................................................. 185
9.2 Grid Connected Operation ...................................................................................................... 186
9.2.1 Curtailment .................................................................................................................. 187
9.2.2 Export ............................................................................................................................. 189
9.2.3 Peak Shaving ................................................................................................................ 192
9.2.4 Grid Connected Operation Special Cases .......................................................... 193
9.3 Load Performance and Quality ............................................................................................ 194
9.3.1 Power Quality – Ideal Source ................................................................................ 194
9.3.2 Power Quality – Fuel Cell Source ......................................................................... 198
xiv

10 MICROGRID LABORATORY SETUP ........................................................................ 201
10.1

Grid Connection ..................................................................................................................... 201

10.1.1

Simulated Grid Supply ......................................................................................... 201

10.1.2

Grid Connection Equipment.............................................................................. 202

10.2

Interconnection Rack / Point of Common Coupling .............................................. 204

10.2.1

Isolator / Disconnect ........................................................................................... 205

10.2.2

Contactor .................................................................................................................. 205

10.2.3

Intertie Relay .......................................................................................................... 206

10.2.4

Meter .......................................................................................................................... 207

10.2.5

Fusing Protection .................................................................................................. 207

10.2.6

Breakers .................................................................................................................... 209

10.3

Interconnection Control Interface ................................................................................. 209

10.3.1

Signal Isolation ....................................................................................................... 209

10.3.2

Connection State .................................................................................................... 209

10.3.3

Grid Synchronization ........................................................................................... 212

10.4

Inverter Modifications ........................................................................................................ 212

10.4.1

Replace MOSFET Driver ..................................................................................... 213

10.4.2

Pulse Signal Conditioning / Driver ................................................................. 214

10.4.3

Utilization of the Slave Processor in dSPACE ............................................. 215

10.4.4

New Sensors ............................................................................................................ 216

10.5

Control Algorithm Implementation .............................................................................. 217

10.5.1

dSPACE Real-Time Platform ............................................................................. 217

10.5.2

I/O Sensor Map ...................................................................................................... 219

10.6

Control Model using Physical I/O .................................................................................. 221

10.6.1

Digital Inputs........................................................................................................... 222

10.6.2

Analog Signals......................................................................................................... 223

10.6.3

PWM Pulses ............................................................................................................. 223

10.6.4

Control Model ......................................................................................................... 225

10.7

Supervisory Interface .......................................................................................................... 225
xv

10.8

Microgrid Line Impedance ................................................................................................ 226

10.9

References ................................................................................................................................ 226

11 LABORATORY EVALUATION AND MICROGRID OPERATION ....................... 228
11.1

Experiment Plan and Setup .............................................................................................. 228

11.1.1

Control Platform .................................................................................................... 229

11.1.2

Simulated Grid Connection................................................................................ 230

11.1.3

Experimental Control Algorithm Changes................................................... 231

11.2

Equipment Validation ......................................................................................................... 231

11.2.1

Interconnection Equipment Rack ................................................................... 232

11.2.2

Test Equipment ...................................................................................................... 232

11.2.3

Power Circuit .......................................................................................................... 232

11.2.4

Interconnection Equipment Rack to dSPACE Interface ......................... 233

11.2.5

Microgrid Power Circuit ..................................................................................... 233

11.3

Open-Loop ................................................................................................................................ 233

11.4

System Start-Up (Black Start) ......................................................................................... 235

11.5

Island Operation.................................................................................................................... 235

11.5.1

Island Frequency Regulation ............................................................................ 236

11.5.2

Island Voltage Regulation .................................................................................. 237

11.5.3

Island Load Power Change ................................................................................ 237

11.5.4

Island Power Quality............................................................................................ 238

11.6

Synchronization..................................................................................................................... 240

11.6.1

Grid Presence Detection ..................................................................................... 241

11.6.2

Island to Grid Connection .................................................................................. 242

11.6.3

Grid Connection ..................................................................................................... 244

11.6.4

Grid Connection to Intentional Island ........................................................... 246

11.7

Grid Connected Operation ................................................................................................. 249

11.7.1

Current Change due to Load Change & Reference Change.................... 249

11.7.2

Power Flow due to Load and Reference Changes..................................... 250
xvi

11.7.3
11.8

Power Quality ......................................................................................................... 253

Island Detection..................................................................................................................... 253

11.8.1

Frequency Trip ....................................................................................................... 255

11.8.2

Voltage Trip ............................................................................................................. 256

11.8.3

Non-Detection Zone ............................................................................................. 260

11.9

Campus Grid Connection Testing ................................................................................... 261

11.9.1

Campus Grid Connection .................................................................................... 261

11.9.2

Synchronization ..................................................................................................... 262

11.9.3

Export ........................................................................................................................ 265

11.9.4

Long Term Operation .......................................................................................... 268

11.9.5

Curtailment .............................................................................................................. 269

12 COMPARISON BETWEEN SIMULATED AND LABORATORY MICROGRIDS 270
12.1

Simulation vs. Laboratory Operation ........................................................................... 270

12.1.1

General ...................................................................................................................... 270

12.1.2

Synchronization ..................................................................................................... 271

12.1.3

Island Operation .................................................................................................... 271

12.1.4

Grid Connection Transitions ............................................................................. 272

12.1.5

Grid Connected Operation ................................................................................. 272

12.2

Power Quality Comparison ............................................................................................... 273

12.2.1

Power Quality – Ideal Source............................................................................ 273

12.2.2

Power Quality – Fuel Cell Source .................................................................... 274

12.3

Island Detection..................................................................................................................... 275

12.4

Microgrid Evaluation .......................................................................................................... 275

13 CONCLUSIONS .............................................................................................................. 276
13.1

Contributions .......................................................................................................................... 277

13.2

Suggestions for Future Research.................................................................................... 278

xvii

LIST OF APPENDICIES

Volume II
14

Appendix A – Basic Power Theory ……………………………………………………..

280

15

Appendix B – Distributed Generation ………………..………………………………

288

16

Appendix C – Point of Common Coupling ...…………..…………………………….

303

17

Appendix D – Experimental Equipment ………………..………………………......

312

18

Appendix D – Experimental Equipment ………………..………………………......

346

19

Appendix F – Current and Voltage Sensors …………………..……………………

367

20

Appendix G – System Analysis ………………………………………...…………………

386

21

Appendix H – Simulation Support ………………………………………...……...……

395

22

Curriculum Vitae ……………………………………………………………………………….

412

xviii

LIST OF TABLES
Table 3-1 IEEE Power Quality Standards .................................................................................. 41
Table 3-2 IEC Power Quality Standards ..................................................................................... 41
Table 3-3 Islanding Standards ....................................................................................................... 45
Table 3-4 Interconnection Protection Objectives .................................................................. 50
Table 3-5 Protection Functions ..................................................................................................... 51
Table 5-1 Synchronization Sources ............................................................................................. 94
Table 5-2 Transformer Turn Ratios ............................................................................................ 95
Table 6-1 Operating Parameters and Component Values................................................. 107
Table 6-2 Control Model Parameters ........................................................................................ 108
Table 7-1 Control Mode Parameters ......................................................................................... 136
Table 8-1 Connection State Constants ...................................................................................... 162
Table 8-2 Control Mode Enumerated Type ............................................................................ 162
Table 8-3 System Start-up Events .............................................................................................. 169
Table 9-1 Black Start – Island Events ....................................................................................... 177
Table 9-2 Black Start – Connect To Grid Events ................................................................... 179
Table 9-3 Island – Loss of Grid Events ..................................................................................... 181
Table 9-4 Island – Loss of Microgrid Events .......................................................................... 184
Table 9-5 Curtailment Events ...................................................................................................... 187
Table 9-6 Export Events ................................................................................................................. 189
Table 9-7 Peak Shaving Events.................................................................................................... 191
xix

Table 9-8 Island THD Events ........................................................................................................ 194
Table 9-9 Grid Connected THD Events ..................................................................................... 195
Table 10-1 Grid Connection Equipment .................................................................................. 203
Table 10-2 Interconnection Rack Equipment........................................................................ 205
Table 10-3 Replacement Fuses ................................................................................................... 208
Table 10-4 dSPACE Slave I/O Connector Map ....................................................................... 216
Table 10-5 Digital Input Interface .............................................................................................. 219
Table 10-6 Analog Input Interface ............................................................................................. 220
Table 11-1 Peak Shaving Power Flow (Reference = 1W) ................................................. 249
Table 11-2 Peak Shaving Power Flow (Reference = 800W) ............................................ 249
Table 11-3 Island Detection ......................................................................................................... 261
Table 12-1 Ideal Source Based Microgrid Power Quality Comparison ....................... 273
Table 12-2 Fuel Cell Based Microgrid Power Quality Comparison ............................... 274

xx

LIST OF FIGURES
Figure 2-1 Example of a Residence Microgrid......................................................................... 16
Figure 2-2 Example of an Industrial Microgrid ....................................................................... 16
Figure 2-3 Laboratory Microgrid.................................................................................................. 23
Figure 2-4 Major Components in the Microgrid ..................................................................... 25
Figure 3-1 Power Flow Through a Line ..................................................................................... 30
Figure 3-2 Power Flow Phasor Diagram ................................................................................... 31
Figure 3-3 Power Flow of a Grid Connected Microgrid ....................................................... 35
Figure 3-4 Conventional P-Q Control Strategy ........................................................................ 35
Figure 3-5 Voltage / Frequency Droop Characteristic ......................................................... 37
Figure 3-6 Supervisor Connection State Transitions............................................................ 38
Figure 3-7 Non-Detection Zone for Passive Islanding.......................................................... 48
Figure 3-8 Interconnection Protection Single Line Drawing ............................................. 51
Figure 4-1 Theorectical Fuel Cell Polarization ........................................................................ 61
Figure 4-2 Cell Power Output Characteristics ......................................................................... 62
Figure 4-3 Polization Activation Losses..................................................................................... 67
Figure 4-4 Cross-Over Activation Losses .................................................................................. 67
Figure 4-5 Theoretical Activation Losses .................................................................................. 67
Figure 4-6 Theoretical Concentration Losses.......................................................................... 67
Figure 4-7 Theoretical Ohmic Losses.......................................................................................... 68
Figure 4-8 Theoretical Ohmic Impedance................................................................................. 68
xxi

Figure 4-9 Theoretical Power vs. Output Current ................................................................. 71
Figure 4-10 Auxiliary Power Loss Model Comparison ........................................................ 71
Figure 4-11 Fuel Cell Stack Temperature Model to Actual Comparison ....................... 74
Figure 4-12 Fuel Cell Characterization Test Setup ................................................................ 75
Figure 4-13 Comparison of Electric Ciruit Models ................................................................ 77
Figure 4-14 Implementation of the Revised Electric Model .............................................. 79
Figure 4-15 Measured Fuel Cell Model Output ....................................................................... 80
Figure 4-16 Calculated Module Auxiliary Losses ................................................................... 80
Figure 4-17 Calculated Series Resistance (rs).......................................................................... 80
Figure 4-18 Calculated Parallel Resistance (rp) ...................................................................... 80
Figure 4-19 Experimental Output Voltage vs. Output Current ......................................... 80
Figure 4-20 Fuel Cell Module Ouput Comparison .................................................................. 82
Figure 4-21 Stack Voltage Model Comparison ........................................................................ 82
Figure 4-22 Fuel Cell Module Ouput Power Comparison ................................................... 83
Figure 4-23 Stack Power Model Comparison .......................................................................... 83
Figure 4-24 Comparison of Auxiliary Losses ........................................................................... 85
Figure 5-1 PLL Control Block Diagram....................................................................................... 89
Figure 5-2 dq-PLL Control Block Diagram ................................................................................ 90
Figure 5-3 Second Order PLL ......................................................................................................... 90
Figure 5-4 Synchronization Reference Source Determination ......................................... 93
Figure 5-5 Synchronization Reference Generation ............................................................... 94
Figure 5-6 Frequency Adjustment System ............................................................................... 96
Figure 5-7 Frequency Synchornization Cases ......................................................................... 97
Figure 6-1 Microgrid Grid Connection ..................................................................................... 106
xxii

Figure 6-2 Simplified Grid Connection ..................................................................................... 109
Figure 6-3 Generator Compensator........................................................................................... 113
Figure 6-4 VSC Linear Block Diagram....................................................................................... 114
Figure 6-5 Grid Connection Control Loops ............................................................................. 115
Figure 6-6 Block Diagram of Closed-Loop Current Control ............................................. 115
Figure 6-7 Grid Connected Model .............................................................................................. 118
Figure 6-8 Simplified Island Network ...................................................................................... 121
Figure 6-9 Block Diagram for Closed-Loop Voltage Control............................................ 121
Figure 6-10 Island Voltage Control Model .............................................................................. 124
Figure 6-11 Microgrid Dual Mode Controller ........................................................................ 127
Figure 6-12 Dynamic Controller ................................................................................................. 128
Figure 7-1 Supervisory Controller ............................................................................................. 134
Figure 7-2 Supervisory Reference Generation ...................................................................... 135
Figure 7-3 System Startup - Black Start ................................................................................... 138
Figure 7-4 Idle & Load Following State Chart ....................................................................... 140
Figure 7-5 Grid Connected Modes State Chart ...................................................................... 142
Figure 7-6 Load Following Example.......................................................................................... 148
Figure 7-7 Curtailment Example................................................................................................. 148
Figure 7-8 Peak Shaving Example .............................................................................................. 148
Figure 7-9 Export Example ........................................................................................................... 148
Figure 7-10 Dynamic Controller ................................................................................................. 150
Figure 8-1 Fuel Cell Source ........................................................................................................... 152
Figure 8-2 Ideal Source .................................................................................................................. 152
Figure 8-3 Microgrid Power System with an Open-Loop Controller............................ 153
xxiii

Figure 8-4 Comparison Between Simulation and Laboratory Inverter under OpenLoop Control ................................................................................................................................ 154
Figure 8-5 Simulated Synchronization References from Each Sync Source .............. 155
Figure 8-6 Current Control System............................................................................................ 156
Figure 8-7 Transformer Primary to Secondary Voltage Phase Shift ............................ 157
Figure 8-8 Comparison of Primary to Secondary Voltage and Current ....................... 157
Figure 8-9 Current Control Real Power (W) and Reactive Power (var) ..................... 158
Figure 8-10 Primary Current Reference Tracking ............................................................... 159
Figure 8-11 Voltage Control System.......................................................................................... 160
Figure 8-12 Frequency and Voltage Regulation by the Voltage Controller ............... 160
Figure 8-13 Primary Voltage Reference Tracking ............................................................... 161
Figure 8-14 State Island Transition Testing........................................................................... 163
Figure 8-15 State Monitor ............................................................................................................. 164
Figure 8-16 Finite State Machine Implementation (State Flow) .................................... 165
Figure 8-17 Frequency Generation............................................................................................ 166
Figure 8-18 Synchronization Test Network ........................................................................... 168
Figure 8-19 Reference Frequency ωt (rad/s) During Black Start ................................. 170
Figure 8-20 Voltage Reference (V pu) Signal During Black Start ................................... 171
Figure 8-21 Phase Comparison Between Grid and Microgrid Voltages (V pu) ........ 172
Figure 8-22 Frequency Adjustment........................................................................................... 173
Figure 8-23 System Startup Real Power (W) and Reactive Power (var) .................... 175
Figure 9-1 Black Start Island Primary Voltage and Current ............................................ 176
Figure 9-2 Black Start Island Operation Power Flow ......................................................... 178
Figure 9-3 Black Start Island Connects to Grid Primary Voltage Regulation ............ 179
xxiv

Figure 9-4 Black Start Connect To Grid Operation Power Flow..................................... 180
Figure 9-5 Grid Lost Island Primary Voltage Regulation .................................................. 182
Figure 9-6 Grid Lost Island Operation Power Flow ............................................................ 182
Figure 9-7 Grid Lost Island Return to Grid Connection ..................................................... 183
Figure 9-8 Microgrid Disconnect Island Primary Voltage Regulation ......................... 184
Figure 9-9 Microgrid Disconnect Island Operation Power Flow ................................... 185
Figure 9-10 Grid Lost Island Return to Grid Connection .................................................. 186
Figure 9-11 Curtailment Operation ........................................................................................... 188
Figure 9-12 Export Operation...................................................................................................... 190
Figure 9-13 Peak Shaving Operation ........................................................................................ 192
Figure 9-14 Island Connected Operation THD (Ideal Source) ........................................ 195
Figure 9-15 Grid Connected – Inverter Supported THD from an Ideal Source ........ 196
Figure 9-16 Grid Connected – Grid Supported THD from an Ideal Source ................ 197
Figure 9-17 Island Connected Operation THD (Fuel Cell Source) ................................. 198
Figure 9-18 Grid Connected – Inverter Supported THD from a Fuel Cell ................... 199
Figure 9-19 Grid Connected – Grid Supported THD from a Fuel Cell........................... 200
Figure 10-1 Grid Connection Equipment ................................................................................ 202
Figure 10-2 Interconnection Equipment ................................................................................. 204
Figure 10-3 Interconnection Rack Internal Sensor Interface .......................................... 206
Figure 10-4 Interconnection Equipment Rack Control Interface .................................. 210
Figure 10-5 Synchronization Interface .................................................................................... 211
Figure 10-6 Gate Driver (Upper Device) ................................................................................. 213
Figure 10-7 MOSFET Gate Drivers ............................................................................................. 214
Figure 10-8 Pulse Signal Conditioning Circuit....................................................................... 214
xxv

Figure 10-9 PWM Interface from dSPACE to Gate Driver ................................................. 215
Figure 10-10 Load Sensors ........................................................................................................... 216
Figure 10-11 dSPACE Control Platform ................................................................................... 217
Figure 10-12 Inverter Power Electronics ............................................................................... 218
Figure 10-13 Inverter Sensors .................................................................................................... 218
Figure 10-14 Digital Inputs - PCC Interface............................................................................ 221
Figure 10-15 Analog Inputs - AC Sensors................................................................................ 222
Figure 10-16 Analog Inputs - DC Sensors ............................................................................... 223
Figure 10-17 Generation of PWM Signals ................................................................................ 224
Figure 10-18 Dual Mode Controller Model Overview ........................................................ 224
Figure 10-19 Control Desk User Interface .............................................................................. 225
Figure 10-20 Grid Connection Test Microgrid ...................................................................... 226
Figure 11-1 dSPACE Control Platform...................................................................................... 229
Figure 11-2 Inverter Platform ..................................................................................................... 229
Figure 11-3 Interconnection Equipment Rack ...................................................................... 229
Figure 11-4 Primary vs. Secondary Line-to-Line Phase A Voltage ................................ 230
Figure 11-5 Initial Simple Test Grid .......................................................................................... 231
Figure 11-6 Control Desk Sensor Diagnostic Display ......................................................... 234
Figure 11-7 Black Start Reference ............................................................................................. 234
Figure 11-8 Island Operation Experiment Setup ................................................................. 235
Figure 11-9 Island Power Analysis at Load=450 W using Fuel Cell Source .............. 236
Figure 11-10 Island Frequency Regulation ............................................................................ 237
Figure 11-11 Island Voltage Regulation (Secondary) ........................................................ 237
Figure 11-12 Island Voltage with Load Change .................................................................... 238
xxvi

Figure 11-13 Island Current with Load Change ................................................................... 238
Figure 11-14 Island Voltage Harmonics .................................................................................. 239
Figure 11-15 Island Current Harmonics.................................................................................. 239
Figure 11-16 Simulated Grid Connection Experimental Setup....................................... 239
Figure 11-17 Fluke Probes to Measure the Grid Power .................................................... 240
Figure 11-18 Start of Grid Synchronization ........................................................................... 241
Figure 11-19 Synchronization Phase A Voltage - Grid and Secondary ........................ 241
Figure 11-20 Examples of Synchronization Attempts for Each Phase......................... 242
Figure 11-21 Island to Grid Tracking Operation Frequency Adjustment................... 243
Figure 11-22 Island to Grid - Voltage Reference Adjustment ......................................... 244
Figure 11-23 Island to Grid Connection Operation ............................................................. 245
Figure 11-24 Island to Grid Connected (Idle) Power Change ......................................... 246
Figure 11-25 Grid to Island Tracking Operation Frequency Adjustment................... 247
Figure 11-26 Grid to Island Transition .................................................................................... 248
Figure 11-27 Peak Shaving Current After Load and Reference Changes .................... 250
Figure 11-28 Peak Shaving Power Delivery ........................................................................... 250
Figure 11-29 Peak Shaving Power Flow Due to Reference Change .............................. 251
Figure 11-30 Peak Shaving Power Flow Due to Load Change ........................................ 252
Figure 11-31 Peak Shaving THD for Reference = 1W and 800W ................................... 253
Figure 11-32 Intertie Relay Configuration - Frequency (81) .......................................... 254
Figure 11-33 Beckwith M3520 Initial Sensor Monitoring ................................................ 255
Figure 11-34 Over Frequency Protection Operation .......................................................... 256
Figure 11-35 Under Frequency Protection Operation ....................................................... 257
Figure 11-36 Intertie Relay Configuration – Over (59) / Under (27) Voltage .......... 258
xxvii

Figure 11-37 Over Voltage Protection Operation ................................................................ 258
Figure 11-38 Under Voltage Protection Operation ............................................................. 259
Figure 11-39 Microgrid Non-Detection Zone ........................................................................ 260
Figure 11-40 Campus Grid Connection Experimental Setup ........................................... 261
Figure 11-41 Island to Campus Grid Connect ........................................................................ 263
Figure 11-42 Loss of Campus Grid – Transition to Island ................................................ 264
Figure 11-43 Export Power Analysis using an Ideal Source ............................................ 265
Figure 11-44 Export Mode Power Flow, Load=150W, Reference=450W .................. 266
Figure 11-45 Export Sensor Waveforms (Reference=450W, Load=150W) .............. 267
Figure 11-46 Export Power Delivery ........................................................................................ 268
Figure 11-47 Energy Export, Load=150W, Reference=450W......................................... 269
Figure 11-48 Grid Connected - Curtailment ........................................................................... 269

xxviii

DEFINITIONS AND NOMENCLATURE
The definitions for many of the technical terms can be found in the referenced
standards and legislation.

The definitions provided here are for information

purposes only. Please refer to the following documents for legal definitions:
Canadian Electric Code (Section 0) [i]
IEEE 1547 [ii]
CSA Standard C22.2 No. 107 [iii]
Definitions
Ancillary Services – Those services necessary to support the transmission of electric
power from seller to purchaser given the obligations of control areas and
transmitting utilities within those control areas to maintain reliable operations of
the interconnected transmission system (US Federal Energy Regulatory
Commission).
Backfeed – The inadvertent transfer of energy between power sources.
Black Start – The process of restoring a power station to operation without relying
on the external electric power transmission network.
Disconnecting Means – A device, or group of devices, or other means by which the
conductors of a circuit can be disconnected from their source of supply.
Distributed Generation (DG) – Generation of electricity by facilities that are
sufficiently smaller than central generating plants so as to allow interconnection at
nearly any point in the power system [iv]. Electric generation facilities are
connected to a distribution system through the point of common coupling.
Distributed generation is a subset of Distributed Resources.
Distributed Resource (DR) – Sources of real electric power that are not directly
connected to the bulk power system. It includes both generators and energy storage
technologies.
Distribution System – Any facility that allows electric power to be delivered to a
load regardless of ownership.
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Inverter – An electrical device that converts direct current (DC) to alternating
current (AC); the converted AC can be at any required voltage and frequency with
the use of appropriate transformers, switching, and control circuits.
Island – A condition in which a portion of an area electric power system (EPS) is
energized solely by one or more local EPSs through the associated point of common
couplings (PCC) while that portion of the area EPS is electrically separated from the
rest of the area EPS.
Islanding – The operation of a utility-interconnected inverter and part of the utility
load while isolated from the remainder of the electric utility system.
Isolating Switch – A switch intended for isolating an electric circuit from the source
of power. It has no interrupting rating and is intended to be operated only after the
circuit has been opened by some other means.
Microgrid - The CERTS Microgrid concept is the aggregation of loads and microsources operating as a single system providing both power and heat. The majority
of the micro-sources must be power electronic based to provide the required
flexibility to insure operation as a single aggregated system. This control flexibility
allows the CERTS Microgrid to present itself to the bulk power system as a single
controlled unit that meets local needs for reliability and security. [v]
Point of Common Coupling (PCC) – Will be used to refer to the point where the
electrical facilities or conductors of the Wire Owner are connected to the Power
Producer’s facilities or conductors, and where any transfer of electric power
between the Power Producer and the Wire Owner takes place.
Static Transfer Switch – An electrical switch that reconnects electric power source
from its primary source to a standby source. Switches may be manually or
automatically operated. An Automatic Transfer Switch (ATS) is often installed where
a backup generator is located, so that the generator may provide temporary
electrical power if the utility source fails.
Smart Meter – Smart Meters measure and store data about when customers use
electricity as the foundation for Time-of-Use (TOU) billing.
Utility-interconnected Inverter – An inverter intended for use in parallel with, and
may deliver power to, a supply authority.

Abbreviations
AC

Alternating Current

ADC

Analog to Digital Converter
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ATS

Automatic Transfer Switch

AWG

American Wire Gauge

CEC

Canadian Electric Code

CERTS

Consortium for Electric Reliability Technology Solutions

CHP

Combined Heat and Power

CSA

Canadian Standards Association

CT

Current Transformer

DAC

Digital to Analog Converter

DAQ

Data Acquisition

DC

Direct Current

DER

Distributed Energy Resource

DG

Distributed Generation

DSC

Distribution System Code

EMI

Electro Magnetic Interference

EMS

Energy Management System

EPS

Electricity Power System

ESA

Electrical Safety Authority

FC

Fuel Cell

FSM

Finite State Machine

GHG

Green House Gases

HV

High Voltage

IEA

International Energy Agency

IEC

International Electrotechnical Commission

IEEE

Institute of Electrical and Electronics Engineers

IESO

Independent Electricity System Operator

IPP

Independent Power Producer

KCL

Kirchhoff Current Law

KVL

Kirchhoff Voltage Law

LabVIEW

Laboratory Virtual Instrumentation Engineering Workbench

LDC

Local Distribution Company

LV

Low Voltage

MATLAB

Matrix Laboratory
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NDZ

Non Detection Zone

NI

National Instruments

NIST

National Institute of Standards and Technology

NRCan

Natural Resources Canada

NSERC

Natural Science and Engineering Research Council

OEB

Ontario Energy Board

OESC

Ontario Electrical Safety Code

OFCRIN

Ontario Fuel Cell Research and Innovation Network

OPA

Ontario Power Authority

ORF

Ontario Research Fund

PCC

Point of Common Coupling

PEM FC

Proton Exchange Membrane Fuel Cell

PI

Proportional-Integral

PLL

Phase Locked Loop

PT

Potential Transformer

PU

Per Unit

PV

Photovoltaic

PWM

Pulse Width Modulation

RMS

Root Mean Square

SCADA

Supervisory Control and Data Acquisition

T&D

Transmission and Distribution

TOU

Time Of Use

UL

Underwriters Laboratory

UWO

University of Western Ontario

TDD

Total Demand Distortion

THD

Total Harmonic Distortion

UPS

Uninterrupted Power Supply

VI

Virtual Instrument

VSC

Voltage Source Converter

VT

Voltage Transformer
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Nomenclature
Active Control Mode

Current operating mode used by the system

Connection Information

Status information from the interconnection rack (PCC)

Connection State

Logical OR of the Connection Information

Control Mode

User selected operating mode

Iabc / IP / Ip abc / Iprimary

The current passing into the primary side of the transformer

Ip-dq / Ipd / Ipq

dq reference frame for the primary current (IP)

Ip-dq ref / Ipd ref / Ipq ref

Current control reference signal (Primary)

IS / Isecondary

The current leaving the secondary side of the transformer

Isd / Isq

dq reference frame for the secondary current (IS)

Iabc-L

The current delivered to the load

Id-L / Iq-L

dq reference frame for the load current (ILoad)

IDC

The DC current entering the inverter

Mabc

Modulation signal

Mdq / Md / Mq

dq reference frame for the modulation signal (Mabc)

PDG / QDG

Inverter output power

PLoad / QLoad

Load power consumed

Pref / Qref

Supervisory Power (Watts) and Reactive (Var) Reference

PWM / Pulses

Pulse Width Modulation Signal

V2

PCC Voltage on the Grid Side of the Disconnect

VDC

The DC voltage across the DC link capacitors

VG / VGrid

The voltage of the grid / utility

Vabc / VP / Vp abc / Vprimary

The voltage at the input to the transformer (Primary)

Vp-dq / Vpd / Vpq

dq reference frame for the primary voltage (VP)

Vp abc ref

Voltage regulation reference signal (Primary)

Vp-dq ref / Vpd ref / Vpq ref

dq reference frame for the voltage regulation (Vp abc ref)

VS / Vsecondary

The voltage at the output of the transformer (Secondary)

Vsd / Vsq

dq reference frame for the secondary voltage (VS)

Sync Source

Selected synchronization source used to determine ωt

System Parameters

Fixed operating parameters (Maximum Generation, etc.)

User Settings

Enable and Disable control of grid connected functionality

ωt / ω

Microgrid operating frequency (rad/s)
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International System of Units
The following are the International System of Units (SI) related to power systems:
s

second

Time

A

ampere

Current

V

volt

Voltage

W

watt

Real Power

VA

volt-ampere Apparent Power

var

var

Reactive Power

Ω

ohm

Impedance / Resistance

H

henry

Inductance

F

farad

Capacitance

Copyrights & Trademarks
Designations used by companies to distinguish their products are often claimed as
trademarks. All brand names and product names used in this work are trade names,
service marks, trademarks or registered trademarks of their respective owners.
Product specifications are believed to be accurate at the time of purchase of the
respective items.
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1 INTRODUCTION
The ability to connect a microgrid to the grid (distribution network) is an important
step in the development and evolution of the modern power system. The power
system is changing due to pressures from regulators, customers and the aging of the
infrastructure. The introduction of microgrids to the power system is being enabled
by the evolution in power electronic interfaces and their control capabilities. This
chapter will explore the factors contributing to this revolution in the power system
and the scope of this research.

1.1 Motivations
1.1.1 Evolving Power System
Power systems around the world are undergoing a period of change. In Ontario,
government directives to promote the use of renewable energy and the introduction
of time-of-use energy usage charges are two of the important initiatives. This
direction is defined by the new ‘Green Energy Act’ [1.1] and the introduction of new
Smart Meters installed for every customer in the province [1.2].

The power

infrastructure is also facing challenges of growth and aging which can result in
decreased reliability especially during periods of stress on the network. Consumers
are looking for solutions to allow the integration of renewable sources and more
effective tools to control energy costs. At the same time most consumers are
demanding higher reliability and higher power quality.
1.1.2 Microgrids
The CERTS Microgrid concept brings together loads and micro-sources operating as
a single system providing both power and heat. The majority of the micro-sources
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must be power electronic based to provide the required flexibility to ensure
operation as a single aggregated system. This control flexibility allows the CERTS
Microgrid to present itself to the bulk power system as a single controlled unit that
meets local needs for reliability and security. The inverter controller provides the
means for advanced control strategies to be utilized. Microgrids often include
controllable loads and storage elements. A microgrid is well suited for integrating a
renewable source into the grid [1.4].
A microgrid can provide a solution to the problems faced by the consumer as well as
provide support to the local distribution network in the form of Ancillary Services
[1.3]. Customers with unreliable grid connections require a new power delivery
system to meet local demand and generation including renewable, traditional and
alternative generators as well as power exchange with the grid. The loss of the grid
connection may be a long duration outage during severe weather conditions or
serious transmission problems. Many of these customers have critical loads such as
livestock operations that require constant un-interrupted power.

A microgrid

approach provides a solution to provide reliable quality power with the flexibility to
adapt to changes that are coming to the power system landscape.
1.1.3 Smart Grid
The province organized the Ontario Smart Grid Forum [1.5] to help define the
evolution of the grid in Ontario. The findings from the Forum can be found in their
report “Enabling Tomorrow’s Electricity System” [1.6].

The report provided a

definition of the Smart Grid:
A smart grid is a modern electric system. It uses sensors, monitoring,
communications, automation and computers to improve the flexibility,
security, reliability, efficiency, and safety of the electricity system. It
increases consumer choice by allowing consumers to better control their
electricity use in response to prices or other parameters. A smart grid
includes diverse and distributed energy resources and accommodates
electric vehicle charging. In short, it brings all elements of the electricity
system – production, delivery and consumption – closer together to improve
overall system operation for the benefit of consumers and environment.
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The report also identifies microgrids as playing a role in the development of the
smart grid. The control capabilities of the microgrid mesh well with the needs of the
smart grid. The application of microgrids in Ontario is identified in the report as
requiring research and further development.
One of the standards bodies active in defining the shape of the new Smart Grid in the
United States is the National Institute of Standards and Technology (NIST). Their
vision of the evolution of the Smart Grid can be seen in their roadmap document
[1.7]. Microgrids also play an important role in their vision for the Smart Grid.
1.1.4 Applications Utilizing Microgrids
Many changes to the power system are currently underway and more changes are
on the near-term horizon. The traditional water fall model of the power system is
not well suited to adapt to changes. Reverse power flow due to the incorporation of
renewable sources (PV & wind) in the distribution network will affect many aspects
of the power system. The way power is being consumed is also changing with the
introduction of plug-in-electric vehicles; controllable ‘smart’ loads; and the wider
utilization of energy storage devices to store energy from non-peak times and then
discharge it at peak times. Many of these changes are occurring at the distribution
level affecting the local distribution companies. Many of the challenges facing the
power system are located at the boundary between the customer and the
distribution network. The microgrid concept provides a level of intelligence to
allow customers to interact with the power system at this critical interface.

1.2 Problem Statements
The research focus is on the control and operation of the microgrid with the goal of
reliable power delivery with high quality.
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1.2.1 Grid Connection vs. Island Operation
The control challenge for inverter operation is that different behaviors are required
when the grid is present and when it is absent (island). The controller must adopt
different control schemes (algorithms) depending on the state of the grid
connection. While connected to the grid, the inverter is responsible for injecting
power to meet the control objectives defined by the operator following the grid
frequency and voltage levels. Power delivered to the grid must be at unity power
factor and not interfere with normal distribution network operation. When the
inverter is disconnected from the grid, the only objective for the inverter is to
service the local load maintaining the local frequency and voltage levels in the
microgrid.
1.2.2 Islanding Detection
One of the critical aspects of microgrid operation is the detection of islanding
conditions. The island detection scheme needs to minimize the region where the
microgrid operates under assumed grid connected conditions when the grid is no
longer present. The detection of an island condition requires the transition to island
operation. Related to islanding detection is the need to provide a protection scheme
to protect both the generators (and load) and the grid.
1.2.3 Ride-Through Capability
When the state of the grid connection changes, the controller must switch between
operation modes without the interruption of power delivery to the load and
maintain power quality. The controller must adapt automatically such that there is
no change to the power being delivered to the load. This means that there cannot
be: power droop (brown out), interruption (transfer switch), and no introduction of
disturbances (transients).
1.2.4 Control Algorithm
There are numerous current control techniques for three-phase voltage source
pulse width modulation (PWM) converters [1.8]. The principle challenge is the
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switching between island and grid connected operation, in particular obtaining
synchronization of island operation with the grid to allow the protection system to
re-close. Another issue resolved is the conflicting control objectives between island
and grid connected operation. The conflict results in saturation of controllers that
has the potential to introduce large disturbances during operating mode transitions.
1.2.5 Interconnection
The interconnection provides the interface between the microgrid and the electrical
distribution system. This interface is strictly regulated to ensure the safety of the
system and protection of people and property. The operation of the microgrid when
operating isolated from the grid requires the system to meet local load demand.
1.2.6 Unregulated Fuel Cell
A fuel cell power module provides a controllable source that can be dispatched. The
output from the PEM fuel cell power module is unregulated DC. As the current
increases, the output voltage from the power module decreases. The decreased
voltage is due to internal losses and the parasitic losses of the balance of plant
equipment (cooling fans) that draw power from the fuel cell output. As well, the fuel
cell output changes with changes in the stack temperature.

1.3 Objectives
The following are the objectives for this research:
1. Model a microgrid operation in both island and grid connected modes for a
PEM fuel cell power module based system. Demonstrate a working interface
between the utility and the lab microgrid and validate the simulation models
by laboratory experiments.
2. Evaluate the microgrid performance and power quality using Total Harmonic
Distortion (THD) targets of:
a. THD under 5% for Voltage;
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b. THD under 8% for Current;
c. No frequency drift while operating as an island; and
d. Maintain quality targets under the different modes of operation.
3. Validate the operation of the microgrid under four modes of operation and
under different load profiles:
a. Island – Load Following;
b. Grid Connected – Peak Shaving;
c. Grid Connected – Curtailment; and
d. Grid Connected – Export.
4. Evaluate the disturbances introduced when switching control modes.
5. Measure the performance of the passive islanding detection utilizing the
Intertie Relay protection functions.

1.4 Scope of Research
The focus of the research is on the microgrid control system with respect to the
interactions between the grid and the microgrid during grid connected operation.
The rules around the interconnection are explored as well as the operation of the
microgrid while connected and disconnected (island) from the grid. A particular
focus is on the transition between connected and disconnected states.
Some of the areas that will not be investigated as part of this research includes:
-

Not utilizing the bidirectional nature of the single stage inverter – No
storage elements are included in the microgrid network;

-

Advanced islanding operation to support load shedding activities;

-

Enhanced protection to utilize the advanced features of the a protective
relay;

-

Providing ancillary services supported by the microgrid; and

-

Islanding droop control for coordinating multiple sources.
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1.5 Contributions
The following are the major contributions resulting from this research:
-

Development of control models for a grid connected single stage inverter
in Matlab Simulink using SimPowerSystem.
o Voltage Controller (Island Operation)
o Current Controller (Grid Connected Operation)
o Synchronization Process for transitioning between modes of
operation

-

Develop a simple electric model for a PEM fuel cell power module that
incorporates internal losses and losses for auxiliary systems and
temperature effects;

-

Simulation of a simple microgrid operating to achieve various power
production modes when in both grid connected and in islanding states;

-

Construction of a laboratory grid connected microgrid meeting all
appropriate standards and codes;

-

The control algorithms are translated into versions that can operate in
real-time on the dSPACE platform. The real-time performance of the
models are validated and compared to the simulation results; and

-

Test equipment setup and configuration for monitoring the operation of
the microgrid.

1.6 Challenges
1.6.1 Standards
The implementation of a grid interface requires detailed knowledge of the standards
and rules that govern the interconnection. Standards define the requirements for
the installation and interconnection to the grid electrical system.

In Canada,

standards exist at both the federal and provincial government levels [1.9]. The
standards are enforced by the inspection agencies and in the certification (CSA and
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UL) of equipment and devices. The applicable standards are listed in Section 3.2.1.
Another of the important standards bodies is the International Electro-technical
Commission (IEC) which develops rules adopted by most countries [1.10].
1.6.2 Laboratory Microgrid
One of the challenges of this research is the requirement to construct an
experimental microgrid. The laboratory microgrid is simplified by having only a
single generator, single load and the connection to the grid. The university campus
distribution network will act as the grid. The two other important elements are the
inverter with the control algorithms and the Point of Common Coupling (PCC) which
follows all of the interfacing requirements specified by the local distribution
company. The experimental setup is used to validate the control algorithms under
different real world scenarios.
1.6.3 Power Quality
One of the principal ways to measure the operation of a microgrid is by observing
the power quality. Power Quality for a microgrid is seen as the sum of the voltage
quality and current quality where voltage quality is of first concern [1.11].
Voltage Quality: is concerned with deviations of the voltage from the ideal. The ideal
voltage is a single frequency sine wave of constant amplitude.
Current Quality is concerned with the deviation of the current from the ideal. The
ideal current is a single frequency sine wave of constant amplitude, with the
additional requirement that the current sine wave is in phase with the voltage sine
wave.

1.7 Organization
The thesis is organized into the following chapters:
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Chapter 2: Microgrid Background
The experimental microgrid provides a connection between the grid, a local load
and local generation (Fuel Cell). When a microgrid is connected to the main utility,
special consideration must be given to safety, standards and protection
requirements. To support the operation of the microgrid, different support systems
are required including: Protection, Supervisory Control, Dynamic Control and a
power electronic interface consisting of an inverter, filter and transformer. The high
level operation of each component is described.
Chapter 3: Microgrid Operation
The main purpose of the microgrid is to control the power flow in the local power
network. The behavior of the microgrid is dependent on the operating state: Island
or Grid Connected. The modes of operation for the microgrid system are reviewed
including the parameters required for each mode. The controller governing each
mode of operation needs to consider a variety of factors to meet the system
objectives. Fundamentally, the control algorithm must accommodate the issue of
power quality and manage the concern of island detection.
Chapter 4: Fuel Cell Electric Model
The fuel cell source is an important element in the research microgrid.

The

operational characteristics of the fuel cell effects the operation of the microgrid
since the fuel cell is the only power source. A simple electric model is proposed that
characterizes the power module including the parasitic losses resulting from the
operation of the balance of plant equipment and internal losses. The electric model
is compared against an updated theoretical model that includes the internal losses
and the parasitic losses of the power module over its full range of operation. The
theoretical model also includes the effect of temperature changes in the module
resulting from increased power generation. The proposed electric model is much
simpler than the theoretical model of the power module reducing extensive
computational overhead.
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Chapter 5: Synchronization
An islanded microgrid requires the ability to connect to the grid. For the connection
to occur the voltage, frequency and phase of the island system must be close to
those of the grid. There are numerous synchronization algorithms that provide
microgrids the ability to adjust their operation to be in-phase. The synchronization
algorithm must operate well in the presence of grid disturbances (harmonics) and
grid imbalance. The algorithm must be responsive to changes in the grid reference
signal. It has been demonstrated that a phase-locked loop with a dq transformation
(dq-PLL) is a suitable technique for grid connection applications such as wind
turbines, PV and fuel cell systems.
Chapter 6: Microgrid Control Model Development
The control of a microgrid when connected to the power system is based on
advances in power electronics and the corresponding control theory in the
utilization of a rotating frame of reference such as the Clark-Park transformations.
A simplified grid connection model is described.

The control algorithms are

discussed for both the grid connected (Current Control Mode) and island (Voltage
Control Mode) operation. An aggregated controller is presented to demonstrate the
simultaneous operation of both controllers.
Chapter 7: Transition Between Modes of Operation
One of the main difficulties of operating a dual state controller is the management of
the transitions between connection states and controller modes of operation. In
addition, control modes can also be affected by changes in control parameters and
other operator actions.

The principle concern is the transition from island

operation to grid connected operation. In order to reconnect to the grid, the island
system must meet strict voltage, frequency and phase requirements before the
protection system will permit the island system to reconnect with the grid. As well,
reference signals used by the island and grid connected controllers are different.
Finally, the control algorithms themselves face the challenge of how one controller’s
independent actions interact with the other controller since the algorithms in each
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controller are attempting to control the system to meet their independent control
objectives.
Chapter 8: Microgrid Simulation Models
The approach to building the simulation model is to construct the components of
the system separately and integrate the working models into the full system model.
The full simulation is composed of the following control components: Phase Locked
Loop, Power Electronic Interface (Open Loop Model), Fuel Cell Source, Current
Controller, Voltage Controller, Supervisory Controller, Frequency Tracking and
Black Start including Synchronization. The models are evaluated individually as
well as collectively to meet the defined control objectives.
Chapter 9: Microgrid Simulation Results
The results from the simulation of the complete microgrid are presented. The
controller is validated under the different operation modes and the transitions
between each of the modes are analyzed. The microgrid is operated under different
load levels and under different desired output references. The power quality is
examined.

A series of scenarios are simulated to examine the models under

different real-world situations.
Chapter 10: Microgrid Laboratory Setup
The construction of the laboratory microgrid requires assembly of some specialized
equipment and the modification of an existing experimental inverter. The grid
connection consists of three sub-systems: the physical grid connection, an
interconnection rack (PCC) and the power electronic inverter. The interconnection
rack and inverter are interfaced to the real-time control system. The microgrid
controller connected to the inverter has been modified to incorporate information
from new inverter sensors and interconnection rack sensors.
Chapter 11: Laboratory Evaluation and Microgrid Operation
The simulation models are adapted to work with the laboratory experimental
equipment. The control algorithms are tested in a physical working environment
operating in real-time in a system limited to 10 kW operation. The laboratory
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equipment is validated in an incremental fashion to ensure each part is constructed
and configured correctly. Once the equipment and control algorithms are tested, the
completed system is connected to the grid (campus distribution network). The
operation of the control algorithms has been validated on the physical hardware
under different test scenarios.
Chapter 12 and Chapter 13: Comparison Between Simulation and Experiment
Microgrids with Conclusions
The final two chapters show a comparison between the model that has been
simulated in the MatLab Simulink environment and the laboratory implementation
of the model. The simulation and implementation are compared under both grid
connected and islanded operation. As well, both systems are measured in terms of
how well each system meets the design objectives. Finally, the research is reviewed
with a highlight of the contributions and the follow-up research opportunities are
identified.
Appendixes
The appendixes contain background information on distributed generation and the
requirements for the point of common coupling.

The detailed technical

specifications of the equipment used in this research including the details of the
sensors used in the inverter and the new gate drivers are provided.

The

specifications for the test equipment are listed. The configuration settings used in
the network interface, power meter and intertie relay are recorded.

The

components developed to support the simulation work are described as well as a
description is provided for the test environment used to validate the laboratory
experiments.

1.8 References
[1.1]

Ontario Green Energy Act.
Accessed: Oct. 14, 2010
http://www.mei.gov.on.ca/en/energy/gea/

[1.2]

Ontario Smart Meters Accessed: Oct. 14, 2010
http://www.mei.gov.on.ca/en/energy/conservation/smartmeters/

13
[1.3]

J. Lopes, N. Hatziargyriou, J. Mutale, P. Djapic, N. Jenkins, Integrating distributed
generation into electric power systems: A review of drivers, challenges and
opportunities, Electric Power Systems Research, No. 77, 2007, pp. 1189-1203

[1.4]

R. Lasseter, Integration of Distributed Energy Resources – The CERTS MicroGrid
Concept, April 2002, LBNL-50829

[1.5]

Ontario Smart Grid Forum (IESO)
Accessed: Oct. 14, 2010
http://www.ieso.ca/imoweb/marketsandprograms/smart_grid.asp

[1.6]

J. Singer, Enabling Tomorrow’s Electricity System, Ontario Smart Grid Forum
Report, February 2009

[1.7]

NIST Framework and Roadmap for Smart Grid Interoperability Standards, Release
1.0, National Institute of Standards and Technology, US Department of Commerce,
September 2009

[1.8]

M. Kazmierkowski, L. Malesani, Current Control Techniques for Three-Phase
Voltage-Source PWM Converters: A Survey, IEEE Trans. on Industrial Electronics,
Vol. 45, No. 5, October 1998, pp. 691-703

[1.9]

J. Neu, S. Martel, Connecting MicroPower to the Grid, microPower Connect, 2nd
Edition, Natural Resources Canada, 2006

[1.10]

S. Papathanassiou, N. Hatziargyriou, Technical Requirements for the Connection of
Dispersed Generation to the Grid, IEEE PES Meeting, Vancouver, August 2002

[1.11]

M. Bollen, Review: What is power quality?, Electric Power Systems Research 66,
2003, pp. 5-14

14

2 MICROGRID BACKGROUND
The experimental microgrid provides a connection between the grid, a local load
and local generation. When a microgrid is connected to the main utility, special
consideration must be given to safety, standards and protection requirements. To
support the operation of the microgrid, different support systems are required
including: Protection, Supervisory Control, Dynamic Control and a power electronic
interface consisting of an inverter, filter and transformer. The high level operation
of each component is described.

2.1 Microgrids
The successful integration of microgrids into the distribution system is dependent
on the control of the interface between the microgrid and the utility grid. The
interaction with the utility must meet high quality standards to ensure that power
transferred over the interface (PCC) and any disturbance attributed to the microgrid
does not affect utility customers and utility operation.

The interconnection is

governed by codes and standards covering the physical connection.

Current

standards require that all local generation de-energize (stop generation) when the
local grid connection is lost. To overcome the problems associated with island
operation an advanced control scheme is required to allow safe operation of the
generators when the grid connection is lost. This research will demonstrate how a
microgrid can safely operate when both connected to the grid and while
disconnected (island).
The behaviour of the microgrid follows a specific control scheme with the presence
of the utility connection (non-islanded mode). The microgrid must switch to a
different operational scheme when the grid is absent (island mode) in applications
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where continued power delivery to critical loads is required. One important feature
of grid-connected microgrids is the ability of the microgrid to seamlessly disconnect
and reconnect to the grid following strict rules.

The ability of the inverter to

provide continuous service to local critical loads is known as ‘ride-through’
capability or providing an uninterrupted power supply (UPS) capability. A flexible
inverter control scheme is required for grid connected operation to operate under
different operating scenarios such as peak shaving, curtailment and islanding. Each
mode of operation requires a modification to the control scheme to meet the
objectives of each mode.
2.1.1 Microgrid and Distributed Generation
A microgrid is a specialized form of Distributed Generation (DG). Not all DG can be
considered a microgrid. The difference in the microgrid is in the local power
management capabilities provided by the intelligent power electronic interfaces.
Most microgrids are not power producers as much as they remove load from the
grid through supplying power to the local loads. In these cases the microgrid is
treated as a ‘smart’ load with some reverse power flow capacity. When a microgrid
is consistently generating a large amount of power greater than its local loads it
becomes more of a DG application and will be treated by the system operator as a
generator. The difference in the treatment of the microgrid can be seen in the
administrative rules that are applied by the local distribution company with regards
to metering, billing, dispatch, protection and autonomy [2.1].
Using London Hydro as an example, the primary distribution system has two voltage
levels: 27.6 kV and 13.8 kV. All supply feeders are arranged to run radial with open
points between interconnections where practical. These feeders supply distribution
transformers either directly or through 4.16 kV or 8.32 kV step-down subdistribution systems. London Hydro’s secondary supply voltages are:
-

120/240 volt, single phase, 3 wire
120/208Y volt, three phase, 4 wire
347/600Y volt, three phase, 4 wire
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The laboratory microgrid will be implemented on a 120/208Y volt, three phase, 4
wire system.
2.1.2 Classifications of LV Microgrid Applications
The applications for microgrids can be divided into the following general types:
Residence Microgrids; Utility Microgrids; Commercial and Industrial Microgrids;
and Remote Microgrids [2.2].
2.1.2.1 Residence Microgrid
Microgrids are a good fit with the movement towards smart homes that have Energy
Management Systems (EMS) that integrate all of the smart appliances with sources
of generation. The provision of a controllable interface to the distribution system
that integrates all local generators and smart loads together is the basic definition of
a microgrid. The microgrid operates to minimize costs considering factors such as
time-of-use energy pricing and strategies for utilizing available storage and
generation. An example of a residential microgrid can be seen in Figure 2-1.

Figure 2-1 Example of a Residence
Microgrid

Figure 2-2 Example of an Industrial
Microgrid
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2.1.2.2 Utility Microgrids
Microgrids can be implemented on an entire feeder or partial feeder of a
distribution substation. The microgrids can meet local load growth and manage
congestion in the network and utilize large DG sources (wind farms, biogas, storage,
etc.). The ability to operate parts of the network as distinct islands is useful during
maintenance activities and other disturbances while maintaining power delivery to
the end customers. Additional services become a possibility for utility microgrids
such as CHP (district heating and cooling) and ancillary services.
2.1.2.3 Commercial and Industrial Microgrids
For customers with critical and sensitive loads, microgrids can be used to provide
reliable power. Large customers with multiple loads (shopping centre, university
campus, industrial plant) can benefit from having full control over their power
system by implementing a microgrid. End users are provided with tools to maintain
their own power quality and availability when the utility supply does not meet their
needs. As well, the customer can utilize energy savings through available power
discount options such as peak shaving, curtailment and the integration of renewable
generation. An example of a campus microgrid is shown in Figure 2-2.
2.1.2.4 Microgrids for Remote Communities
Many remote communities have either a weak connection or no connection at all to
a central grid.

These communities require an infrastructure that can operate

without the support from the central grid. A microgrid is a good option for these
communities to allow the integration of renewable sources and to control the entire
remote network.
2.1.3 Benefits of Microgrids
2.1.3.1 Microgrid Behaviour
The interface between the microgrid and the utility can be categorized based on the
behavior of the microgrid:
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Good Citizen – complies with all grid rules and does no harm to the grid; able to
meet its own energy demand; no export of power; helps to reduce local network
congestion.
Ideal Citizen – improves on Good Citizen by also participating in the energy markets
while meeting all standards.
Model Citizen – improves on Ideal Citizen by providing support to the local network
through exporting energy for ancillary services; congestion relief and local network
support.
2.1.3.2 Local Distribution Network
Microgrids can improve the technical performance of a local distribution network
by [2.3]:
-

Energy loss reduction due to decreased line power flows (utilizing local
generation);

-

Minimum of voltage fluctuation by reactive power control;

-

Relief of peak loading on constrained networks by utilizing local
generation for demand management;

-

Improved reliability through islanding capabilities of the microgrid; and

-

Power management to ensure that local loads receive reliable power.

The coordination of multiple microgrids becomes an important consideration in the
system operation to realize local distribution network improvements.
2.1.3.3 Market Participation
It has been shown that microgrids are suited for participating in a de-regulated
energy environment.

Using an economic evaluation, a typical microgrid

participating in a real-time market (placing bids, etc.) has been shown to have an
advantage leading to either reduced energy cost for consumers or increased
revenue for operators [2.4].

The microgrid is well suited for maximizing the

benefits of renewable sources with favourable pricing through the support of a feed-
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in tariff (FIT) program. Microgrids also can play a role in the aggregation of DG
sources under a centralized controller.
2.1.3.4 Building Energy Management System
The Energy Management System (EMS) can make decisions on power generation
and on heating or cooling (CHP). The decision can be based on: local demand,
weather, the price of electricity, fuel costs, storage levels and future demand
predictions. Generation sources that are integrated with buildings are an important
component of the building EMS of the future. The ability of the EMS to utilize local
generation allows for the operation of cost saving strategies such as peak-shaving,
power and waste heat management, centralized load management, and power
selection based on cost, contract, availability, and system objectives [2.5]. The
microgrid concept is well suited for this type of application.
2.1.3.5 Integration of Multiple Sources
Micro-generation technologies such as micro-turbines, photovoltaic, fuel cells, wind
turbines, and storage with a power rating ranging up to hundreds of kilowatts can
be connected directly to the low voltage (LV) networks. These micro-generators are
located at the customer load and can be used to enhance the LDC reliability and
quality. The technical challenge of a microgrid with multiple energy sources is the
coordination of the sources. As well, the intermittent nature of renewable sources is
a challenge for system operation and coordination of generators.

When each

generator in a microgrid is equipped with droop based active and reactive power
controls along with an internal voltage regulator, the microgrid can also meet the
needs of dynamic changes within it [2.6].
2.1.3.6 Environmental Benefits
Microgrids facilitate the integration of renewable energy sources with the grid. The
utilization of low emission fuels and the adoption of more energy efficient supply
solutions (ex. combined heat and power applications) provide a valuable path to
reduce environmental impacts from energy consumption. Managing peak demand
can also help to remove load from the grid to reduce demand from generation plants
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that operate to supply peak demand which are often heavy polluters from fossil
fuels.

2.2 Microgrid Operation
The connection of a microgrid to the utility/grid requires consideration of many
important factors.

The interconnection is governed under various rules and

regulations of the local electrical code. These rules are based on international
standards with a focus on the protection of the power infrastructure, equipment and
the people working on these systems. The interconnection must implement a
protection scheme to ensure that the microgrid is a ‘good citizen’ [2.7] and follows
all of the rules defined by the local distribution company.
2.2.1 Essential Components
A microgrid power system has two critical components for operation: the static
switch and the micro-source [2.5].
2.2.1.1 Static Switch
The static switch controls the state of the grid connection to force the microgrid into
autonomous island mode when the microgrid is separated from the main grid. This
separation is typically performed when a disturbance is detected on the grid
connection. The microgrid will reconnect to the grid on the re-closing of the static
switch when the conditions causing the separation have been cleared. The grid reconnection can only be completed when the voltage, frequency and phase angles of
the microgrid match those of the grid at the connection point.
2.2.1.2 Micro-Source
Each micro-source connected to the microgrid delivers power under the supervision
of the system controller. The control mechanism will be different during island
operation of the microgrid versus operation when connected to the grid. While
islanded, the micro-sources must generate power to follow the load to ensure
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adequate power delivery.

The micro-sources will follow the command of the

supervisory controller while connected to the grid, typically under a current control
mode to deliver a specified amount of power.
2.2.2 Microgrid Control
A microgrid should be able to seamlessly isolate itself from the grid and quickly
switch the operating mode.

It is required that reactive and real power be

independently controlled. The microgrid must be able to meet the dynamic needs of
the loads without requiring information from the loads. Micro-sources must be
independently controlled and allow sources to be added and removed when
necessary [2.5]. Advanced control techniques are implemented in power electronics
and are often required to integrate storage and renewable energy sources.
From a control perspective, grid connected operation and island operation are
vastly different and require different strategies. In a grid connected operation, the
grid provides a reference for both voltage and frequency. In an island operation, the
microgrid is responsible for its own references as well as managing generation to
meet load requirements. A common control strategy in island operation is to
implement droop control to coordinate sources [2.8, 2.9] against load to form a
balanced operation. The island controller also needs to consider the condition of
black start (initial start-up without the grid being present) and the eventual
connection to the grid [2.10, 2.11].
2.2.3 Standards and Guidelines
Since this research involves the construction of test equipment, special
consideration must be given to the standards and guidelines that govern the
interconnection with the grid. The research is being conducted at the University of
Western Ontario located in London, Ontario so the jurisdictions that are covered
include the province of Ontario and the country of Canada. The standards bodies
have issued a few guidelines that small power producers are to follow to make a
safe interconnection with the grid.

22
MicroPower Connect Interconnection Guideline: For inverter based
micro-distributed resource (DER) systems connected to 600 volt or less
distribution system, Version 8, July 2003
Electrical Guidelines for Inverter-Based Micro-Generating Facility (10
KW and Smaller), ESA-SPEC-004, April 2010
The interconnection requirements can be organized into the following three
categories: general specifications and requirements, safety and protection
requirements, and power quality requirements. The main goal of the requirements
is to ensure the safety of personnel, the public and the power system. These goals
are reflected in the requirement for all interconnected microgrids to have
compliance with national electric codes and standards [2.12]. The standards are
listed in Appendix B.
2.2.4 Interconnection Protection
One of the biggest changes to the distribution system is the introduction of
distributed generation (DG). One of the drivers behind this movement is the need to
integrate renewable energy sources into the distribution system.

Traditional

protection schemes used is the distribution system need to be re-evaluated with the
integration of DG associated with customer loads. The interconnection protection
varies widely depending on factors such as: generator size, point of interconnection
to the utility system (distribution or sub-transmission), type of generator (DC,
synchronous, asynchronous) and interconnection transformer configuration.
Newer DG systems are utilizing electronic power converters which results in special
consideration for DG protection. The impact of DG on existing systems must be
examined through detailed simulations and protection studies.
2.2.5 Safety
The project to interconnect the laboratory microgrid to the campus distribution
system introduces new concerns with regards to safety. Safety for equipment must
be considered both for the protection of the campus/building distribution system
and the laboratory equipment. Safety for the people working on the laboratory and
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campus distribution system must be considered in all aspects of the interconnection
and bus designs. The reality of the laboratory back-feeding power into the building
must be considered and all precautions taken to ensure that this is identified at the
connection point and maintenance and research personnel are informed and trained
on lock-out/tag-out procedures to be taken when working on the building and
laboratory electric systems.

2.3 Laboratory Microgrid
The microgrid used for this research is a simple configuration consisting of one
source, one local load and a connection to the grid as seen in Figure 2-3.

Figure 2-3 Laboratory Microgrid
2.3.1 Grid
The grid is both a source and sink for three phase AC power. The university campus
distribution system represents the grid. The capacity of the grid is considered to be
infinite and have the characteristic of being ‘stiff’.
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2.3.2 Fuel Cell
The fuel cell is the primary generator (power source) in the microgrid during island
operation. The fuel cell generates an un-regulated DC voltage that is transformed
into three phase AC by the inverter. One of the principle concerns of a power
system involving a fuel cell power system is that the output of the system is DC at a
very low voltage. As well the controller needs to accommodate the dropping voltage
characteristic of the fuel cell with the increase in load current. The fuel cell is also
characterized by a slow transient response [2.13].
2.3.3 Inverter
The intelligence in the interconnection system is found in the inverter. This device
implements algorithms that control the power flow in the microgrid.
2.3.4 PCC (Point of Common Coupling)
The PCC must meet the requirements defined by the Ontario and Canadian
regulators. Due to the size and nature of the equipment used in these experiments,
special consultations were made with the Electrical Safety Association (ESA) on the
system design prior to the construction of the test microgrid and interconnection.
Similarly, the electrical connection to the building was completed after consultation
meetings with the university facilities group.
2.3.5 Load
The local load is a three phase controllable device that can sink 3 kW per phase.
Both real and reactive power can be consumed. A three phase current sensor is
connected to the input to the load and is used to measure the power consumed by
the load.
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2.4 Microgrid Components
The implementation of the microgrid described in Figure 2-3 can be divided into
three principle components: Power Electronic Interface, Interconnection Rack and
dSPACE Real-Time Controller. The main elements of the microgrid are shown in
Figure 2-4.

Figure 2-4 Major Components in the Microgrid
2.4.1 Power Electronic Interface
The power electronic interface consists of the power electronic components and
sensors required to convert the DC power into AC power. The detail specifications
of the devices that implement the power electronic interface can be found in
Appendix D.
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2.4.1.1 Filter
The purpose of the filter is to remove the switching harmonics generated by the
Pulse Width Modulation (PWM) operation of the MOSFETs. A second order LC filter
is used.
2.4.1.2 Transformer
The step up transformer provides a boost stage from the low voltage of the fuel cell
output to the grid voltage levels. The step up ratio is 12V on the primary and 208V
on the secondary.
2.4.1.3 Inverter
The inverter is a single stage bi-directional inverter implemented with 6 MOSFETs
integrated into a single package / stack. Modifications to the laboratory inverter are
detailed in Section 10.4.
2.4.2 Interconnection Rack
The interconnection rack consists of the elements that implement the safety
features to protect both the grid and the microgrid. The detailed specifications for
the interconnection rack can be found in Appendix D.
2.4.2.1 Protection
A Beckwith M3520 intertie relay provides the protection functions to ensure safe
operation of the power interface.

The protection functions utilized in the

construction of the microgrid are described in detail in Section 3.5.3.
2.4.2.2 Islanding (Intertie Relay)
The islanding detection mechanism is provided by an Intertie Relay. The relay is a
multi-function device that provides passive island detection. When a protective
function is initiated, an output is triggered which is connected to a 3 phase
contactor.

The opening of the contactor forces the microgrid into an intentional

island. When the protective function is cleared the output is returned to normal
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operation which allows the microgrid to reconnect to the grid. The configuration of
the Intertie Relay can be found in Appendix D.
2.4.2.3 Contactor
The contactor is a 3 pole device capable of breaking the connection between the
microgrid and the grid.

An auxiliary contact from the contactor provides the

feedback to the controller to indicate a state change by the intertie relay.
2.4.2.4 PCC Disconnect
The PCC disconnect provides an external point to disconnect the microgrid from the
grid. The PCC disconnect is a manually operated switch with the ability to be locked
out. The device is rated to break the maximum capacity of the microgrid (10 kW).
An auxiliary contact provides feedback to the controller to indicate the PCC
disconnect status.
2.4.3 dSPACE Real-Time Controller
The implementation of a control algorithm requires a hardware platform to
interface with the inverter and interconnection rack. The real-time platform is
provided by dSPACE which is described in Section 10.5. The control algorithm
developed in the MATLAB simulation environment can easily be ported to the
dSPACE hardware environment. With small changes to the model to interface to the
hardware, the algorithms can be compiled and downloaded into the target
hardware for execution.

Changes to the control algorithm can be quickly

recompiled and downloaded to the target hardware to test the algorithm in an
iterative fashion.
2.4.3.1 Supervisory Controller
The supervisory controller is responsible for generating the reference signals to the
dynamic controller governing the power transfer from the fuel cell power module to
the load and grid. The reference signals are calculated based on the connection
state, the power consumed by the local load, and the connection mode selected by
the operator. Various system parameters are used in the calculations.
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2.4.3.2 Dynamic Controller
The dynamic controller is responsible for the real-time control of the inverter
through the generation of the modulation signal controlling the operation of the
switches in the inverter. The control algorithm is implemented using closed-loop
techniques using both the inverter output current and voltage (AC) as well as the
inverter input voltage (DC). The algorithm is dependent on the mode of operation
(islanded or grid connected) and attempts to operate the inverter to meet the
reference signals generated by the supervisory controller. The dynamic controller
is described in detail in Chapter 6.
2.4.3.3 User Interface
The dSPACE platform provides a user interface tool called “Control Desk” that
provides a mechanism to monitor the operation of the control algorithm in realtime. A screen layout is created with a pallet of tools (such as wave form plots, LED
indicators, push buttons, dials, etc.) to provide a user friendly interface with the
control system.

The control algorithm modes and set points can be changed

through the interface.
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3 MICROGRID OPERATION
The main purpose of the microgrid is to control the power flow in the local power
network. The behavior of the microgrid is dependent on the operating state: Island
or Grid Connected. The modes of operation for the microgrid system are reviewed
including the parameters required for each mode. The controller governing each
mode of operation needs to consider a variety of factors to meet the system
objectives. Fundamentally, the control algorithm must accommodate the issue of
power quality and manage the concern of island detection.

3.1 Power Flow

Figure 3-1 Power Flow Through a Line
3.1.1 General Principles
The power transfer from a DG converter to the grid can be considered to be a
simplified three-phase balanced system, as shown in Figure 3-1. The relationship
between the two sources is shown in Figure 3-2 using phasor representation.
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An important element of power flow is the impedance (Z) and its components of
resistance (R) and reactance (X) as shown in Figure 3-2.

Figure 3-2 Power Flow Phasor Diagram
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where:
I is the inverter output current
Z inductive line impedance
φ is the power angle between the grid voltage and the inverter output
current
δ is the load angle between the grid voltage and the inverter output voltage
θ is the power angle at line section A
VA L0 is the grid (E) voltage
VB Lδ is the microgrid voltage

The real and reactive power can be expressed as:
 sin  =  cos

(3.8)

 
! =   sin 

(3.10)

! =  " cos

 

# =   cos  − 
#=



 cos  − 

(3.9)

(3.11)

(3.12)

The voltage changes in terms of a dq reference frame can be expressed as:
$% =  −  cos
$& =  sin

(3.13)
(3.14)

The real and reactive power with respect to the grid (A) can be expressed in terms
of the voltages at both A and B:
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So we can restate ΔVd and ΔVq as:
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(3.15)
(3.16)
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The connection between the grid and the microgrid is mainly line impedance (Z).
For a DG connection to the grid such that X » R, R can be ignored. As well, if δ is
small than sin(δ) ≈ δ and cos(δ) ≈ 1 so we can simplify equations 3.10 and 3.12 [3.1]:
≅

!
 

#
 −  ≅


(3.21)
(3.22)

For a small angle and minimum voltage difference, it can be shown that the voltage
difference is related predominately to the reactive power. The power angle is
similarly related to the real power. Therefore the operation of a microgrid phase
angle δ and voltage magnitude are controllable through P and Q [3.2].
3.1.2 Power Flow in a Microgrid
For scenarios with multiple DG sources in a microgrid it is not practical to have each
source at the same frequency and voltage. The differences between the sources will
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result in uncontrollable real/reactive power flow. Fixed frequency and fixed voltage
systems cannot be connected in parallel for this reason and the small difference will
cause high currents to flow between inverters. To achieve power sharing among the
sources, the control strategy must be based on real and reactive power control. The
multi-source system will settle to an equilibrium point with power sharing based on
the control settings [3.3]. Future research work will be focused on power sharing
strategies between multiple inverter based sources.
The grid and microgrid voltage sources are related to each other by a phase shift δ
which results in real power flow. Reactive power transmission is the result of
differences between the grid and microgrid voltage levels. A simplified relationship
for real and reactive power transfer between end points can restate equations 3.9
and 3.11 and be expressed for a low voltage (LV) microgrid coupled to the grid
through a line (XL):
!=
#= −

where:

|| ||

||
*

+

*
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|| ||
*

(3.23)
cos

(3.24)

δ is the angle between the voltages
XL is the impedance between the end points
VA, VB are the phasor voltages at the end points
Equations 3.18 and 3.19 show that both P & Q are sensitive to variation in XL. A
large error in the impedance will lead to problems for the controller to follow power
references and will lead to control instability.

Therefore, solutions requiring

knowledge of the impedance are not practical [3.4].
In the voltage microgrid networks, the resistance (R) cannot be neglected. It is
desirable to accommodate both X and R when regulating the voltage and frequency.
A control strategy that measures both P and Q can regulate the system to the desired
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set point. For a grid connected system, a current controller strategy will work to
deliver the desired current based on meeting the specified P and Q references.

Figure 3-3 Power Flow of a Grid Connected Microgrid

Figure 3-4 Conventional P-Q Control Strategy

36
3.1.3 Grid Connected Power Delivery
The inverter is an intelligent device in the network managing the power delivered
by the fuel cell source. When the grid is connected, the fuel cell can be commanded
to deliver a requested amount of power (PInv, QInv). As the load changes (PLoad, QLoad)
the amount of power supplied by the grid will change (ΔP, ΔQ) as shown in Figure 33. In the grid connected state, the frequency and the voltage are set by the grid. A
conventional P-Q control strategy shown in Figure 3-4 can be used for grid
connected operation. When the grid connection is present, the controller operates
as a controllable current source to achieve the objective of delivering specified real
power (Pref) and reactive power (Qref). The power references are calculated by a
supervisory function using the current output power and the selected control mode
and operating parameters. Using the power references, current references can be
calculated and sent to the current controller.
3.1.4 Island Operation Power Delivery
When the system is in an island connected state, the grid is not available. The fuel
cell power module is the sole source and is responsible for regulating the voltage
and frequency to the defined references. The system operates in a load following
fashion adjusting the fuel cell output to match load changes. In this research, the
condition of insufficient generation to meet local load will not be considered. Future
work will examine load side management to deal with excessive load conditions.
3.1.4.1 Droop Control
Island operation coordination between multiple sources is often accomplished using
droop controllers for each source.

While in island operation, the voltage and

frequency needs to be controlled. The island controller operates to regulate the
frequency and voltage by changing the real power and reactive power supplied by
the system. This control strategy is commonly referred to as a voltage/frequency
droop controller [3.5] as illustrated in Figure 3-5 and expressed in equations 3.25
and 3.26.
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Figure 3-5 Voltage / Frequency Droop Characteristic
+,-+ − + = −./ !,-+ − !

where:

,-+ −  = −.& #,-+ − #

(3.25)
(3.26)

Vref is the reference voltage
fref is the reference frequency
kp is the co-efficient of the P-f droop characteristic
kq is the co-efficient of the Q-V droop characteristic
Vmin, Vmax define the desired range for the island voltage
fmin, fmax define the desired range for the island frequency
Pref, Qref define the target real and reactive power output
3.1.4.2 Voltage Control
Since the research microgrid only consists of a single source, a simplified voltage
control strategy can be employed. The controller regulates the voltage magnitude to
be 208 V line-to-line (at the transformer secondary) at a fixed frequency of 60 Hz
(377 rad/s). As the load changes, the controller attempts to regulate the island
voltage and frequency to the reference values.
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Figure 3-6 Supervisor Connection State Transitions

3.2 Connection State
The Connection State is determined by the Intertie Relay based on its internal
algorithms examining the grid current and voltage measurements.

The relay

triggers an output which becomes an input into the control algorithm specifying if
the grid is connected (Grid Connected State) or disconnected (Islanded State). The
connection state can also be affected by operator actions such as engaging the
isolation switch or breakers. One of the most important considerations in a grid tie
system is the transitions of the connection state (from island to grid and from grid
to island) as shown in Figure 3-6. At the supervisory level, the connection state
change will cause the control mode to change.
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3.2.1 Grid-To-Island Transition
The transition of the connection state to Island operation does not have a large
impact on the control mode. The new control mode becomes Load Following. One
of the main goals is to continue to provide power to the local loads without an
interruption (Ride-Through).

For this reason, the Load Following controller

immediate becomes active. The alternative is to change to the Idle Mode but this
would stop generation and cause an interruption to the power delivered to the load
which is not desirable. The island controller needs to quickly track to a new voltage
and frequency reference and generate sufficient power to balance the load demand.
3.2.2 Island-To-Grid Transition
The transition of the connection state to Grid Connected operation is more
complicated.

While in the island operation, the control mode is set to Load

Following. Once the connection state changes, a new control mode must be selected.
One option is to always force the control mode to an idle state to stop all generation
of power and allow the grid to provide all power to the local load. Another option is
to resume the mode that was selected when the system was last in a grid connected
state. The choice here is to consider what impact the grid mode control mode will
have on the system operation and power quality. From a reliability perspective and
safety of operation the best choice is to place the system in Idle mode once the grid
connection has been established since the exact time of the grid connection is not
known, so it cannot be safely determined which grid connected mode would be the
best choice to resume. It is also important to deal with the hand-over from the
microgrid supporting the load to the grid supporting the load. A smooth transition
of the microgrid power output from full load to zero in a gradual fashion is desired.

3.3 Power Quality
From the perspective of power customers, they believe they are connecting to an
‘ideal’ network where the grid is an ideal voltage source with zero impedance. As a
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customer draws current the voltage should remain constant.

The difference

between the ideal and reality is described as power quality. Typically power quality
is discussed in terms of harmonic distortion and voltage dips. The different factors
affecting power quality are documented in both IEEE and IEC standards listed in
Tables 3-1 and 3-2 [3.6].
3.3.1 Harmonic Distortion
The term harmonics refers to the decomposition of a non-sinusoidal but periodic
signal into a sum of sinusoidal components:
6

+0 = 1 ℎ cos24ℎ+5 + ℎ
78

(3.27)

Where Ah and φh are amplitude and phase angle for harmonic order h and where fo =
1/T and T is the period. For a power system with a frequency of 60 Hz, the
harmonic components will be multiple integer intervals of 60 Hz.
Harmonic distortion is typically the sinusoidal components present with the
fundamental but may also consist of other elements. A dc component may be
present in the waveform. Other waveforms may be present that are not at the
fundamental frequency called ‘inter-harmonic distortions’. The signal may also
contain noise elements which consist of non-periodic frequency components. The
harmonic distortion can be viewed using a spectrum analyzer or power meter. In
general, harmonics are a source of power loss and may cause problems for devices
on the network. Third harmonic currents can lead to large currents in the neutral
conductor which can lead to problems with the conductor (heating). A common
method of dealing with the problem of harmonics is the introduction of a filter
(passive or active).
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Table 3-1 IEEE Power Quality Standards
Identifier
IEEE 519-1992
IEEE 493-2007
IEEE 1100-1999
IEEE 1159-2009
IEEE 1250-1995
IEEE 1346-1998
IEEE 1453-2004
IEEE 1564 (Draft)

Standard Title
Recommended Practices and Requirements for Harmonic
Control in Electric Power Systems
Recommended practice for the design of reliable industrial
and commercial power systems
Recommended practice for powering and grounding sensitive
electronic equipment
Recommend practice for monitoring electric power quality
Guide for service to equipment sensitive to momentary
voltage disturbances
Recommended practice for evaluating electric power system
compatibility with electronics process equipment
Recommended Practice for Measurement and Limits of
Voltage Fluctuations and Associated Light Flicker on AC Power
Systems
Voltage sag indices (in preparation)

Table 3-2 IEC Power Quality Standards
Identifier
IEC 61000-2-8

IEC 61000-4-15

Standard Title
Voltage dips and short interruptions on public electric systems
with statistical measurement results
Limits for harmonic current emissions (equipment input
current ≤ 16 A per phase)
Limitation of emission of harmonic currents in low-voltage
power supply systems for equipment with rated current
greater than 16 A
Assessment of emission limits for the connection of distorting
installations to MV, HV and EHV power systems
Assessment of emission limits for the connection of fluctuating
installations to MV, HV and EHV power systems
General guide on harmonics and inter-harmonics
measurements and instrumentation, for power supply
systems and equipment connected thereto
Voltage dips, short interruptions and voltage variations
immunity tests
Flicker meter - Functional and design specifications

IEC 61000-4-30

Power quality measurement methods

IEC 61000-3-2
IEC 61000-3-4
IEC 61000-3-6
IEC 61000-3-7
IEC 61000-4-7
IEC 61000-4-11
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3.3.2 Voltage Dip
A voltage dip occurs when an over-current condition exists for a short duration. A
common source of voltage dips are the large currents caused by motors starting,
transformer energizing and faults. Very fast current changes for short durations can
occur but are usually classified as voltage notches. In the case of faults, a large inrush current can occur when the fault is cleared. Voltage dips can be compensated
by using an energy storage device to support the large short duration current
demands.
3.3.3 Microgrid Impact on Power Quality
Microgrids may have a negative impact on power quality but can also be used to
mitigate power quality issues. The power electronic interfaced microgrids can be
used to compensate voltage variations, flicker, unbalance and lower frequency
harmonics [3.7].
3.3.3.1 Voltage Quality
Microgrids must maintain voltage levels to the same standard as industrial and
commercial customers of the power system. Special consideration may be required
in instances where a microgrid may raise the local voltage due to weakness in the
local distribution network and the amount of generation exported to the local grid.
One concern with power electronic interfaces is the possibility of a large highfrequency ripple on the voltage if the switching frequency is close to the system
resonance. If the microgrid contains renewable sources, the changes in system
production due to variation in weather conditions may cause more frequent voltage
changes (within the defined ranges in the standards).
3.3.3.2 Current Quality
Microgrids may impact the system and other customers supplied by the same
system. Again current standards must be applied to control harmonic content from
power delivered by the microgrid. The electronic interface may be a source for high
frequency harmonics.

Power electronic interfaces introduce harmonics on the
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current waveform with components at integer multiples of the power system
frequency and at integer multiples of the switching frequency.
3.3.3.3 Disturbances
A main concern with a microgrid is the potential for frequency swings if the
generation capacity is large enough. As well disturbances may be introduced from
sudden voltage drops or faults.

Microgrid protection systems may take the

generation off-line causing a sudden loss of generation. Some types of generators in
microgrids, such as wind turbines may introduce ‘flicker’ effects due to generator
dynamics (blades passing the tower, mechanical systems, etc.). Also some turbine
protection systems may cause sudden drops in generation in gusty wind conditions.
Shading conditions (clouds) may also cause variation in PV generation but the
change is generally slower acting.
3.3.3.4 Island Tripping
Microgrids may disconnect from the grid if an island condition is detected. If the
sensitivity of the trip settings are too low the microgrid may suffer from nuisance
trips. The repeated loss of generation will be a source of concern.
3.3.3.5 Total Demand Distortion
Under light load the magnitude of the harmonic current is low even though the
relative distortion to the fundamental frequency is high resulting in a high THD
value. Since power systems are designed to withstand the rated load current, the
impact of the distortion on the system related to the design maximum is a realistic
way to measure distortion. The Total Demand Distortion (TDD) is a measure of the
total harmonic distortion (THD) taking into account the rating of the power system.
The TDD is defined as the harmonic current distortion as a percentage of the
maximum demand load current [3.40].
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where
IL is the RMS value of the peak demand load current at the fundamental
frequency
Ii is the RMS load current at the harmonic order i

3.4 Islanding
One important requirement for all microgrid systems is when the grid becomes
unavailable the microgrid must not transfer power into the grid. This is important
from a safety perspective and to allow the utility to follow its normal procedures to
restore power. To ensure that no power is fed into the utility grid, the microgrid
must isolate itself from the grid and form an island. The detection of islanding
becomes a critical aspect of all microgrid systems [3.8, 3.9]. There are two types of
islanding detection schemes: passive and active. Schemes are measured by their
ability to detect an island and the size of operating region where an island is not
detected called the Non-Detection Zone [3.10, 3.11].
3.4.1 Islanding Policies
Most Local Distribution Companies (LDC) require that microgrids de-energize
generators when a disturbance is detected on the grid. This is a requirement in CSA
C22.2 No 107.1 “cease to energize no greater than 2 seconds after formation of the
island”. Following these rules, local loads will not have any power available to them
if the grid is lost (grid outage). It is proposed that a microgrid with islanding
controls may be allowed to continue operation of the local generators during a grid
disturbance if the following rules are followed [3.12].
-

Detect islanding conditions due to grid disturbances and intentionally form
an island

-

No reverse power flow during grid disturbances

-

Re-join the grid in-phase when the grid connection is re-established
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-

Minimize the non-detection zone where the loss of the grid is not detected

-

Steady state voltage and frequency within the microgrid must be maintained
within acceptable limits

-

Generator should be several times (3 times or more) larger than the largest
single load

Islanding occurs when the utility is intentionally or accidentally disconnected from
the microgrid network and the microgrid continues to energize loads [3.9, 3.13].
The concern is that this situation can pose a potential danger to maintenance
personnel working on the feeder and the possibility of out-of-phase reclosing. As
well, public safety may be at risk if a DG energizes downed lines. Another area of
concern for a LDC is that within an island the LDC no longer controls the system
parameters (voltage and frequency) and can no longer take responsibility for any
adverse effects on equipment that may be caused by the microgrid generator.
It has been reported by the International Energy Association that the probability of
islanding is very small. The study also reported that the risk of electric shock due to
islanding of a PV system under worst-case PV penetration scenarios to both
operators and customers does not increase the risk of shock that already exists
[3.15]. Many LDCs are changing their working assumptions to assume that reverse
power flow is always present to ensure that proper safety measures are taken
during any maintenance activities.
3.4.2 Islanding Standards
The standards covering the area of Islanding are listed in Table 3-3.
Table 3-3 Islanding Standards
Identifier
IEEE 929-2000
IEEE 1547-2003
UL 1741-1999

Standard Title
IEEE Recommended Practice for Utility Interface of
Photovoltaic (PV) Systems
Standard for Interconnecting Distributed Resources with
Electric Power Systems
Standard for Inverters, Converters, and Controllers for Use in
Independent Power Systems
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3.4.3 Island Indicators
The following indicators can be used to trigger the formation of an intentional island
[3.16]:
-

Poor voltage quality from the utility, such as unbalances due to nearby
asymmetrical loads,
Frequency of the utility falls below a threshold, indicating lack of generation
on the utility side,
Voltage dips that last longer than the local sensitive loads can tolerate,
Faults in the system that keep a sustained high current injection from the
grid, and
Any current that is detecting flowing from the microgrid to the utility system
for a certain period of time (if reverse power flow is not permitted by the
LDC).

3.4.4 Passive Island Detection
A passive islanding detection method constantly monitors the conditions when the
voltage and frequency are either over or under pre-set limits. If an out-of-bound
condition is detected the protection function initiates a disconnect from the grid.
This is a simple method but may not function correctly during a fault in the case
when the inverter power closely matches the connected loads (where ΔP and ΔQ are
both near zero).

Passive methods do not have any influence on grid quality.

Normally, DGs are operated in constant power, constant power factor control mode
which makes it improbable that precise balance will occur [3.8].
One of the standard islanding detection techniques is to rely on standard
over/under voltage and over/under frequency relaying [3.17]. The intertie relay
provides a stand-alone dedicated device that will protect the microgrid and utility in
addition to providing islanding detection. When the intertie relay detects an island
condition an output from the relay is triggered causing a three phase contactor to
open. The action of the contactor separates the microgrid from the utility. The
island will remain until the reclosing logic in the relay determines that it is safe to
reconnect the island to the grid. The relay releases the output that allows the
contactor to close providing the connection with the utility.
The following relay functions are used for passive islanding detection:
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81O/U Frequency Regulation;
27/59 Voltage Regulation; and
25
Synchronization Check.
3.4.5 Reclosing
The grid and microgrid voltages are compared by the intertie relay and the
differences are calculated (Δf, ΔV, Δφ). The protective relay provides the ability to
reclose once grid conditions have returned to within defined nominal tolerances for
a specified time interval. The synchronization feature of the intertie relay will
prevent reclosing occurring if the phase of the microgrid is not within the following
tolerances of the grid phase [3.18] :
Frequency difference (Δf) = 0.3 Hz;
Voltage difference (ΔV) = 10 %; and
Phase angle difference (Δφ) = 20°.
3.4.6 Non Detection Zone
The non-detection zone (NDZ) concept is developed to determine the effectiveness
of the anti-islanding algorithm for a given ΔP and ΔQ [3.11] where ΔP is the
difference between the inverter supplied real power and the real power consumed
by the local load and where ΔQ is the difference between the inverter supplied
reactive power and the reactive power consumed by the local load. One of the goals
of any islanding detection scheme is to reduce the size of the NDZ as represented in
Figure 3-7 [3.9]. The reaction time of the islanding detection is also dependent on
the NDZ. If ΔP ≠ 0, the utility voltage will change with a grid disturbance allowing
the passive voltage checks to detect the islanding condition. If ΔQ ≠ 0, the phase of
the utility will suddenly shift during a disturbance which will allow the passive
frequency checks to detect the islanding condition.
∆! = !B5C% − !"DE

∆# = #B5C% − #"DE

(3.29)
(3.30)
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Figure 3-7 Non-Detection Zone for Passive Islanding
Passive methods generally have a larger NDZ. Active methods require injecting
disturbances into the utility which may cause problems for the utility or other
equipment (inverters) in close proximity.

3.5 Interconnection
The point at which a microgrid joins to the main utility (grid) is called the point of
common coupling (PCC). This point is the interface that allows power to flow in
both directions – into the microgrid from the utility or into the utility from the
microgrid. From the perspective of the grid, this means that the microgrid appears
as both a generator and a load. When a microgrid is examined from the utility
perspective, the operation of the microgrid as a generator makes the microgrid
appear as a distributed energy resource (DER) or distributed generation (DG) [3.19,
3.20]. The concept of distributed generation is examined in more detail in Appendix
B. The rules governing the grid connection of DG is based on the size of the
generator which relates the potential impact of the DG on the grid.
As an interconnection that connects two separate entities, there needs to be defined
rules and standards that govern this interface. As separate entities they each have
their own goals and operating objectives. Defining how the two entities interact
becomes essential to allow seamless energy transfer [3.21]. The interconnection

49
requirements can be divided into three categories: (1) general specifications and
requirements, (2) safety and protection requirements, and (3) power quality
requirements. Many of these interface requirements have been standardized and
incorporated into the regulations governing the operation of the grid [3.22, 3.23].
One of the important metrics for microgrids with respect to its interconnection with
the grid is power quality. The issues around power quality are explored in an
earlier section. One of the main safety concerns introduced by microgrids (and DG)
is the direction change to power flow in the grid. With the introduction of DG the
reality of back feeding becomes a real safety issue. To guarantee a safe working
environment, utility workers must change their traditional maintenance habits and
isolate equipment at both the line and load sides.

This change in the traditional

power flow also affects the protection systems in the utility. The settings for
protective relays need to be reassessed due to the change in behavior of the power
flow [3.24, 3.25]. The protection requirements with respect to interconnection are
also important considerations to ensure that grid disturbances do not affect the
microgrid and that microgrid disturbances do not affect the utility. The issues
affecting the point of common coupling are reviewed in more detail in Appendix C.
3.5.1 Grid Connection Implementation
In talks with the Local Distribution Company (LDC), which is London Hydro, it was
determined that the laboratory microgrid was classified as an embedded generator.
As such, the LDC was not directly involved in the certification of the microgrid to
connect to the grid.

Since the microgrid connects to the campus distribution

network through the building network, the university facilities department acted as
the proxy LDC. In talks with the facilities department it was decided that the
interconnection would be made following all the rules defined by the local LDC
including all inspections by the Electrical Safety Authority (ESA).
3.5.2 Connection Requirements
As per the understanding with the university, the research equipment is designed to
meet the requirements specified by London Hydro where the equipment is classified
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in the category called micro-generation (10 kW or less). London Hydro has adopted
the regulations with respect to embedded micro-generation facilities as determined
by the Ontario Energy Board (OEB) in the Distribution System Code (DSC). The
process and the requirements that the generator must comply with are described in
Appendix F of the latest version of the DSC Section F.1.1 – Connection Process for
Micro-Embedded Generation Facility to connect micro-generation [3.26]. As well,
London Hydro requires the applicant to obtain and submit a Certificate of Inspection
from the Electrical Safety Authority (ESA) [3.27]. The research installation will not
need to comply with the different forms and agreements as specified by the LDC but
will require inspection by the ESA.
3.5.3 Protection Design
Protection schemes can be simple or complex. The protection will need to satisfy
both the utility and generator needs as well as regulatory requirements. Each grid
connection project will need to balance complexity and cost for the protection
scheme for integrating a new microgrid to the utility. Multi-function digital relays
are a good option for an integrated protection solution. Table 3-4 outlines the
specific objectives of an interconnection protection system and the relay functional
requirements to achieve each objective [3.28].
Table 3-4 Interconnection Protection Objectives
Interconnection Protection Objective

Protection Function Used

Detection of loss of parallel operation with 81OU, 81R*, 27/59, 59I, TT
utility System
Fault back-feed detection

Phase Faults: 51V, 67, 21
Ground Faults: 51N, 67N, 59N, 27N

Detection of damaging system conditions

47, 46

Abnormal power flow detection

32

Restoration

25

* = Rate of Change
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Table 3-5 Protection Functions
Device Number

Function

25

Synchronizing Check

27

Under-voltage Trip

52

Relay Contactor

59

Instantaneous Over-voltage trip (ferro-resonance)

81O/81U

Over/Under Frequency trip

Figure 3-8 Interconnection Protection Single Line Drawing
3.5.4 Single Line Protection Overview
The microgrid protection is established from the Point of Common Coupling (PCC)
and the interconnection transformer.

The purpose of the interconnection

protection is to protect the grid from the microgrid on the grid-side during parallel

52
operations of the microgrid and the grid. The protection requirements for the grid
connection laboratory equipment will be met in part by a multi-function digital
relay: Beckwith M3520 Intertie Relay. The protection functions that have been
enabled are defined in Table 3-5. The single line protection is illustrated in Figure
3-8. The configuration of the intertie relay can be found in the Appendix D.
The elements (27, 59, 81U/O) provide basic detection of disturbances that will force
the microgrid to separate from the utility grid. The system must return to its steady
state (normal) conditions before restoring the system to parallel operation. A
synch-check device (25) will only permit the closing of the open breaker when the
voltage, frequency and phase angle between the two systems are within certain
differential limits.
3.5.5 Protection Enhancements
The addition of voltage and current sensors to the interconnection rack (PCC) to
measure the ground voltage and current (VG, IG) will enable the Intertie Relay to
perform additional protective functions. The following protection features may be
incorporated into the system in the future to enhance safe operation under
additional fault conditions.
27G

Neutral Under-voltage

46

Negative Sequence Over-current

47

Negative Sequence Over-voltage

50

Instantaneous Phase Over-current

50G

Instantaneous Neutral Over-current

51G

Inverse Time Neutral Over-current

59G

Neutral Over-voltage
Also available: 51V, 60FL, 67, 67N, 32, 78, 81R
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3.6 Microgrid Research Activities
A general summary of current microgrid research and development activities in
both university and government laboratories is provided in this section.

The

chapters that follow provide an introduction and review of research activities for
each of the specific chapter topics: fuel cell modeling, synchronization strategies,
and the control of voltage source converters. The appendixes also contain research
overviews in the areas of distributed generation and issues related to the
interconnection of microgrids.
3.6.1 Research Areas
Microgrid research efforts are merging with smart grid research.

There are

numerous areas of overlap between the two fields. Microgrids form a foundation
that enables the development of power systems that demonstrate smart grid
concepts. A smart (intelligent) microgrid incorporates ICT (for control, protection
and operation) which is layered on top of the traditional microgrid. In general,
microgrid research activities can be divided into three categories based on the time
frame of the problem under investigation:
(a) Real-Time : power conversion controllers, fault detection (protection, power
quality, load balancing, power delivery)
(b) Short-Term: supervisory operation over minutes, hours and days (dispatch,
storage, economic optimization, loss reduction, virtual power plant)
(c) Long-Term: Power system planning with a focus on the overall technical and
economic justification of microgrids and their interactions with the main grid
(asset management, utilization, placement of DG, resilience of the grid)
The research topics include [3.28, 3.29, 3.30, 3.31]:
-

Distributed control, hybrid control, and power management for intelligent
microgrids;
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-

Operational strategies and storage technologies to address the challenge of very
high penetrations of DG units in intelligent microgrids;

-

Cost-benefit framework – secondary benefits and ancillary services.
Determination of methodologies for quantifying the benefits and determination
of compensation strategies;

-

Demand response technologies and strategies – energy management and
metering considering cost and reliability;

-

Integration design guidelines and performance metrics – study cases to
determine the impact of microgrids on steady state, dynamic and transient
performance of the interconnected power systems;

-

Energy management systems for supervisory control and power management of
microgrid operations to minimize negative impacts on the network;

-

Communication (ICT) including home automation networks (HAN) with
consideration of security, reliability, latency, and inter-operability (protocols);

-

Standardization and regulatory considerations including: IEEE 1547.4 Draft –
Design, Operation and Integration of Distributed Resource Island Systems with
Electric Power Systems; IEC Technical Committee 57 (Communication Networks
and Systems for Power Utility Automation); and IEC 61850 Part 7-420
Distributed Energy Resources Logical Nodes.

-

Robust fault-tolerant control for remote microgrids;

-

Issues of black starting in an unbalanced system;

-

Transitions between grid connected and islanded modes of operation – use cases
causing connection to grid and disconnection from the grid;

-

Disturbance detection and protection (intelligent relays) – reverse power flow,
fault management, diagnostics and self healing;
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-

Community based storage and grid scale storage; and

-

Intelligent Sensors – communications, signal processing and metering.

3.6.2 University Research Programs
In Canada the NSERC Smart Microgrid Network strategic plan is a five year program
started in 2009 ($1.9M CDN) to create a strategic research network to bring
together researchers and academics from 8 universities and over 30 government
and industry partners across Canada. The focus is on the technologies and methods
to enable the adoption of microgrids in Canada with three theme areas: (1)
Operation, control and protection; (2) Planning, optimization, and regulatory; and
(3) Communication and information technologies [3.32].
Other university research programs around the world include: the National
Technical University of Athens Greece (NTUA) which consists of a LV grid with
battery unit, PV and wind [3.33]; Aalborg University Denmark at the Institute of
Energy Technology which created their Green Power Laboratory [3.34] and the
Technical University of Denmark National Laboratory for Sustainable Energy;
Australian CSIRO Microgrid [3.35]; and CERTS the principal US research microgrid
associated with the University of Madison, Sandia Lab and others.
3.6.3 Government Research Programs
In Canada the government research programs are coordinated by Natural Resources
Canada through the Varennes Research Centre (CanmetENERGY). In the US a
variety of government labs are engaged in microgrid research including: Sandia
National Laboratory, National Renewable Energy Laboratory (NREL) and Electric
Power Research Institute (EPRI) [3.36].
One important smart microgrid initiative in the US related to energy security is the
development of SPIDERS (Smart Power Infrastructure Demonstration for Energy
Reliability and Security). The objective is to demonstrate that microgrids developed
using Sandia’s Energy Surety Microgrid (ESM) methodology have the ability to
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maintain operational surety through secure, reliable, and resilient electric power
generation and distribution to mission critical loads.
3.6.4 Demonstration Systems
In Japan microgrid installations have been created under the direction of NEDO in
Hachinohe, Aomori, Aichi, and Kyoto [3.37]. Also in the European Union microgrid
demonstrations projects have been created in the Netherlands, Germany, Denmark,
Italy and Spain. In the US the Department of Energy has sponsored installation of
microgrids with the University of Hawaii, University of Nevada, Illinois Institute of
Technology (Chicago) and at many others research sites [3.38]. In Canada, Hydro
One has created the Ontario Smart Zone Project [3.34] to study new technology
related to the smart grid and a new test microgrid has been created at the BC
Institute of Technology called the BCIT Microgrid Demonstration Site [3.39]. Also in
BC various microgrid demonstration projects are underway at: Robson Valley;
Hartley Bay; and Nemiah (PV).
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4 FUEL CELL ELECTRIC MODEL
The fuel cell source is an important element in the research microgrid.

The

operational characteristics of the fuel cell affects the operation of the microgrid
since the fuel cell is the only power source. A simple electric model is proposed that
characterizes the power module including the parasitic losses resulting from the
operation of the balance of plant equipment and internal losses. The electric model
is compared against an updated theoretical model that includes the internal losses
and the parasitic losses of the power module over its full range of operation. The
theoretical model also includes the effect of temperature changes in the module
resulting from increased output power.

The proposed electric model is much

simpler than the theoretical model of the power module reducing the extensive
computational overhead.

4.1 Fuel Cell Source
The electric model is based on a Ballard Nexa 1.2 kW PEM fuel cell power module.
The experimental microgrid uses the raw output from the fuel cell power module as
the DC source. The fuel cell is operated without a DC-DC regulator. As a result, the
output voltage changes as the output current changes.

The simulation of the

microgrid requires a model for the fuel cell source that matches the Nexa PEM fuel
cell power module. The first step is to examine the theoretical operation of the fuel
cell and to compare the resulting model against the observed behavior of the
laboratory power module. The second step is to determine a simple linear model
for the fuel cell. The final step is to extend an existing electric model to provide an
improved correlation to the observed behavior of the power module.
The individual fuel cell has been investigated and modeled from many different
perspectives: chemical, thermal and electrical being the primary focus [4.1]. When
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individual fuel cells are aggregated together to form a stack the complete system
now operates at a voltage and power level that can be usefully utilized in a power
system. When the balance of plant equipment is integrated with the stack the
complete system is called a fuel cell power module. The power module provides its
own internal power supply (drawn from the output of the power module) to service
the power needs of the balance of plant equipment.
Many numerical models of a fuel cell have been developed that are well suited for
simulating the detailed operation of the Proton Exchange Membrane (PEM) fuel cell
[4.2]. One of the difficulties of these models is that the calculations required to
model the system can be computationally intensive [4.3]. For power system studies
a simplified model would be useful to represent the overall performance of the PEM
power module as a function of operating conditions. In these types of applications,
empirical equations can be used for estimating operation versus the detailed
numerical models.
The most basic linear model has been shown to contain a large error due to
neglecting the non-linear operating regions that are present over the full range of
fuel cell operation. Non-linear models provide a better match to the dynamics of the
PEM fuel cell system. Various methods for modeling the fuel cell system have been
proposed including: one-dimensional fuel cell models where the fuel input is the
only variable controlling the fuel cell (neglecting the effects of inverter) and models
with a three-dimensional approach that includes the air supply and the inverter load
current added to the fuel control input [4.4].
An electric circuit model can represent the dynamic behavior of a PEM fuel cell.
Various components (capacitors, inductors, transformers, etc.) can be used to
assemble an equivalent circuit [4.5 - 4.9]. One approach used in electric models is to
utilize the non-linear behavior of various electrical components (such as a junction
diode) to represent the behavior of the fuel cell. One important consideration that
needs to be added to all power module models is to include the effects of the power
module controller on the operation of the plant. For commercial fuel cell modules
such as the Ballard Nexa Power Module, the controller enforces constraints
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(regulation) on some of the operating parameters such as pressure and hydrogen
input [4.10]. Another important consideration that is often neglected in models is
the effect of temperature on the operation of a power module and the need for the
balance of plant equipment to provide cooling.

Figure 4-1 Theorectical Fuel Cell Polarization

4.2 Fuel Cell Theoretical Output Voltage
4.2.1 Nernst Equation
The output characteristics of all types of fuel cells obey the Nernst equation. The
Nernst equation is the principal relationship that represents the chemical reaction
in the fuel cell. From the Nernst equation, the cell potential increases with an
increase in the activity (concentration) of reactants and a decrease in the activity of
products. During the operation of the fuel cell irreversible losses occur as electric
power is provided to the load. The cell output voltage (Vcell) can be expressed as the
ideal cell potential less losses as shown in Figure 4-1 [4.11].
EF-BB = G5 − B5HH-H

(4.1)
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where E0 is the ideal equilibrium potential at a specific temperature and partial
pressures of reactants and products. It does not include losses that are found in an
operating fuel cell, and can be considered as the open circuit voltage.
4.2.2 Irreversible Losses
The irreversible cell voltage losses (Vlosses) include the activation polarization (Vact),
the ohmic polarization (Vohm) and the concentration polarization (Vconc) which
includes the cross-over and internal current losses. At the module (stack) level
losses include the parasitic losses due to the auxiliary systems (Vaux).
B5HH-H = CF0 + F5DF + 5ℎI + CJK

(4.2)

Figure 4-2 Cell Power Output Characteristics
4.2.3 Ballard Nexa PEM Fuel Cell Module
The Ballard Nexa PEM Fuel Cell Module has a rated power of 1200 W and an output
voltage range from 26 to 43 VDC with a fixed hydrogen supply at 72 psi. The
resulting power curve for a single cell is shown in Figure 4-2. The parameters
describing the fuel cell module are [4.12]:
Nstack is the number of cells per module (stack) = 46
Areacell is the active surface area per cell = 110 cm2
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vcell is the output voltage of an individual fuel cell (V)
Vfc is the output voltage of a fuel cell module (V)
icell is the current flowing through the cell measured in current density (A/cm2)
Ifc is the current flowing from the fuel cell module measured in amperes (A)
where the cells are connected in series in the stack
H0CF. = LH0CF. EF-BB

(4.3)

!5N-,F-BB = MF-BB EF-BB

(4.5)

"+F
MF-BB =
,-CF-BB

(4.4)

4.3 Hydrogen Fuel Cell
The PEMFC uses hydrogen combined with oxygen in the air to generate the fuel cell
current, heat and waste water using the following reactions:
Anode Reaction: 2O2 P 4O R + 4- 

Cathode Reaction: 4O R + S2 + 4-  P 2O2S

2O2 + S2 P 2O2S + ℎ-C0 + -B-F0,MFCB -D-,TU (DC)

The power module has a system efficiency of approximately 38% at full power with
the maximum system efficiency of around 50% occurring at an output of 300W
(net). Bellow 300W the auxiliary load consumption becomes the dominant power
consumption. The efficiency is defined by the ratio of net output power to the lower
heating value of hydrogen consumed in the fuel cell reaction [4.16].
4.3.1 Fuel Cell Potential
By analyzing the hydrogen fuel cell reaction, the following Nernst equation can be
used where n is the number of electrons such that n = 2. The fuel cell potential
equation provides a relationship between the reversible open circuit voltage (E0) for
the cell reaction and the ideal equilibrium potential (E0) at other temperatures and
partial pressures of reactants and products. The ideal potential must be known at
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standard conditions in order to determine operation at other temperatures and
partial pressures.
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('/
(
9
Go = G5 +
ln X ℎU%,5T-D 5KUT-D Z
'!YC0-,(
DV

(4.6)

T is the absolute temperature of the cell (°K) where °K=°C+273.15; T =
24+273.15
R is the universal gas constant (8.3145 J/K mol);
F is Faraday’s constant; charge carried by a mole of electrons (96484.6
coulombs/mol);
4.3.2 Reversible Open Circuit Voltage
E0 is the reversible open circuit voltage at standard pressure which is a function of
cell operating temperature (V) [4.13]. The entropy change of a given reaction is
approximately constant and can be set to a standard value.
∆\°
9 − 9F 
G5 = G[-BB +
DV

G5 = G[-BB − 0.85 10b  9 − 9F 

(4.7)
(4.8)

∆So is the entropy change where ∆So/nF = -0.85 x 10-3 V/K
Tc is the temperature correction offset = 24+273.15 K
where ECell is the reversible nearest potential for a single cell defined for the Nexa
Module. Note: During simulation it was determined that using a value for Ecell =
1.0492 V provides a closest match between the no load output voltage and the
measured output of the laboratory Nexa power module. The lower actual cell
voltage may be due to aging effects on the stack as a result of impurities that
accumulate in the catalyst.
4.3.3 Reactants and Product Pressures
Px is the corresponding partial pressure for the reactants (hydrogen and oxygen)
and the product (water). The oxygen pressure (atm) is at the interface of cathode
catalyst layer, the hydrogen pressure (atm) is at the interface of anode catalyst
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layer. For a PEM hydrogen-oxygen fuel cell the water saturation pressure (PWater)
can be calculated [4.14] where the temperature is in degrees Celsius:
log!YC0-, = −2.1794 + 0.02953 9 − 9.1837 10f  9 + 1.4454 10g  9 b
!YC0-, = 10h

.gijRk.k ifb li.mbg nkop q l r R.jjfj kos  l t u

(4.9)
(4.10)

The partial pressure for the hydrogen (phydrogen) can be calculated where PHydrogen is
the hydrogen reactant pressure in atm and Tk is the stack temperature in degrees
Kelvin:
// =

MF-BB
9..bbj

(4.11)

1 !
/ℎU%,5T-D = v OU%,5T-D
 − !YC0-,z
2
- .wfb∗yy

(4.12)

!M,
/5KUT-D =  j.i
 − !YC0-,
∗yy
-

(4.13)

The partial pressure for the oxygen (poxygen) can be calculated where PAir is the air
pressure in atm:

poxygen for the Ballard Nexa is the partial pressure for the oxygen reactant which is
initially at room pressure before a compressor is used to raise the air pressure to a
value of : PAir = 2.2 psig
phydrogen is the hydrogen reactant pressure which (the tank pressure can be from 10
to 250 psig and set in the laboratory to 40 psig). A pressure regulator in the Nexa
module sets the inlet pressure value of: PHydrogen = 5 psig

4.4 Activation Loss
4.4.1 Activation Polarization
The activation polarization loss is dominant at the low current density due to the
need to overcome electronic barriers to allow current and ion flow defined by the
Tafel equation [4.15]. The voltage generated is lost from the chemical reaction with
the transfer of electrons between the electrodes. The voltage drop is highly nonlinear.
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9
M
ln  F-BB 
∝DV
M5

(4.14)

8.3145 9
0.52 96484.6

(4.15)

From the Tafel equation, the constant A can be defined for a hydrogen fuel cell by
examining the chemical reactions that occur.

From the reactions it has been

determined that n = 2 (number of electrons transferred per mole) and is valid for icell
> i0.
α is the charge transfer co-efficient and is the proportion of the electrical energy
applied that is harnessed in changing the rate of an electro-chemical reaction. Its
value depends on the reaction involved and the material from which the electrode is
made. The value must be in the range 0 to 1.0 and for a hydrogen electrode the
value is about α = 0.5 [4.15].
i0 is the exchange current density and is crucial in controlling the performance of a
fuel cell electrode. It is vital to make the value for io as high as possible. At a low
temperature, hydrogen-fed fuel cell running on air at ambient pressure, a typical
value for i0 would be around 0.1mA cm-2 at the cathode and around 200 mA cm-2 at
the anode. Since for the PEM fuel cell, the anode i0 for hydrogen oxidation is very
high compared to the cathode i0 for oxygen reduction the cathode contribution to
the polarization can be ignored. A typical value for a PEM fuel cell using air at the
normal pressure at about 30 °C is i0 = 0.04 mA cm-2.
4.4.2 Cross-Over and Internal Current Loss
The crossover and internal currents result in losses from fuel passing through the
electrolyte. The losses are also due to electron conduction through the electrolyte.
The loss is usually small but has an impact on the open circuit voltage of lowtemperature cells.
=

9
DV

(4.16)

67
M
K5E-, =  ln  D
M5

(4.17)

in is the internal and fuel cross-over current density in = 2 mA cm-2
B is the Tafel slope
4.4.3 Total Activation Loss
Combining the activation polarization and cross-over losses gives:
CF0 = /5B + K5E-,

M
M
CF0 =  ln  F-BB  +  ln  D
M5
M5

Figure 4-3 Polization Activation Losses

Figure 4-5 Theoretical Activation
Losses

(4.18)
(4.19)

Figure 4-4 Cross-Over Activation Losses

Figure 4-6 Theoretical Concentration
Losses
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4.5 Concentration Loss
The concentration polarization loss is due to the slow transport of reactants to and
from the electrochemical reaction site (also known as Mass Transport Loss)
resulting in a change in concentration at the surface of the electrodes. In the Nexa
module the removal of water can also be a cause of mass transport or concentration
overvoltage. Changes in concentration will effect the voltage.
F5DF =

9
MB
ln 

DV
MB − MF-BB

F5DF = −

9
M
ln 1 − F-BB 
DV
MB

(4.20)
(4.21)

where il is the limiting current density at the electrode. For a PEMFC, it can be
expressed as il = 900 mA cm-2 . The expression for concentration losses is only valid
for icell < il.
The concentration losses that are assumed when il > icell are given by the following
determined by analysis of simulation results:
F5DF = 0.064 + 0.825 MF-BB + 0.800 MF-BB

Figure 4-7 Theoretical Ohmic Losses

(4.22)

Figure 4-8 Theoretical Ohmic Impedance
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4.6 Ohmic Loss
The ohmic polarization loss varies directly with current due to the resistance to the
flow of electrons through the material of the electrodes, the electrolyte and the
interconnections.
5ℎIMF = MF-BB F-BB

F-BB = 5ℎI + ."  MF-BB − .9 9

5ℎIMF = MF-BB 5ℎI + ." MF-BB − MF-BB −0.0023712 + 0.7066 / 9 9

(4.23)
(4.24)
(4.25)

where Rcell is the total cell internal resistance including the resistance of the polymer
membrane, the conducting resistance between the membrane and electrodes, and
the resistance of the electrodes in kΩ cm-2 where the cell current (icell) is given in mA
cm-2. The ohmic resistance was shown in [4.5] to consist of Rohm (Ω) the constant
part of Rcell and two components related to cell current density and temperature.
5ℎI = 0.2793

(4.26)

." = 0.001872

.9 = −0.0023712 +

0.7066
9

5ℎIMF = 0.2793 MF-BB  + 0.001872 MF-BB  + 0.0023712MF-BB  9
− 0.7066MF-BB 

(4.27)
(4.28)

(4.29)

The cell output voltage is represented by the fuel cell potential less losses as seen in
the output characteristic curve of Output Cell Voltage vs. Current Cell Density Figure
4-1:
EF-BB = G5 − CF0 + F5DF + 5ℎIMF 

(4.30)
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EF-BB = G[-BB − 0.85 10b  9 − 9F 
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(4.31)

4.7 Parasitic Losses
The operation of the fuel cell requires DC power to operate the auxiliary system.
The power used by the auxiliary system is extracted from the stack output and is
called the parasitic load. For the Nexa fuel cell module the auxiliaries include:
blower, compressor, humidifier and electronic control subsystems.

The air

compressor supplies pressurized air to the cathode and the blower provides the
cooling to the stack. The Nexa documentation [4.16] indicates that the “Stack Gross
Current” includes the parasitic loads internal to the power module. The auxiliary
power requirements range from 35 watts at idle to 250 watts at the rated system
power. The auxiliary load changes with increasing current primarily to support
higher air pump and cooling fan duty. The fuel cell stack output power (or Gross
Power) is the product of the stack voltage and the gross stack current (PStack). The
net delivered power (PLoad) is the product of the fuel cell output voltage (Vfc) and the
output current (Ifc) which is delivered to the external load. The difference between
the gross power and the net power is the system parasitic load.
!\0CF. = \0CF. "\0CF.
!*5C% = +F "+F

!JK = !\0CF. − !*5C%

(4.32)
(4.33)
(4.34)

From the experimental data the following equation has been developed to
determine the power required by the auxiliaries:
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!JK = 31.74 + JK~? 1 −

"ICK − "+F
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(4.35)

AuxScalor = AuxMax – AuxMin is the power consumption range from start-up
(minimum) to peak consumption (at peak power production) = (185 –
31.74). The minimum value is chosen so that the initial PAux evaluates to
approximately 35 W.
Imax is the Fuel Cell Output Current at peak power production = 47 A

Figure 4-9 Theoretical Power vs. Output
Current

Figure 4-10 Auxiliary Power Loss Model
Comparison

Figure 4-9 shows the fuel cell power module (Stack Power) producing beyond the
rated capacity of 1200 watts. The Output Power curve represents the actual fuel cell
module output power delivered to the load. The Auxiliary Power Losses is the
difference between the stack power and the delivered power which represents the
power required to operate the fuel cell auxiliary systems (parasitic loss).
Assuming the parasitic load is attached in parallel to the stack, the auxiliary power
loss can be determined as:
"\0CF. = "+F − "JK

(4.36)

From the experimental data, it was determined that a uniform voltage drop exists
from the stack voltage to the output voltage which can be attributed to the
auxiliaries.
+F = \0CF. − 1.323

(4.37)
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The theoretical fuel cell stack model provides support for the losses associated with
operating the fuel cell auxiliary system. Figure 4-10 shows the auxiliary losses for
the Ideal, Theoretical and Electric (Rs Rp) Models compared to the calculated losses
based on the experimental data.

4.8 Scaling Cell Representation to Stack Level
The assumption is that the internal resistance of the stack is the sum of the internal
resistance of all of the individual cells such that Rint = Nstack * Rcell and that the
voltage loss from the internal resistance due to the fuel cell current (Ifc) is equivalent
to the total stack ohmic losses such that:
5ℎIMF H0CF. = LH0CF. 5ℎIMF = LH0CF. MF-BB F-BB

5ℎIMF H0CF. = 46 ' 0.2793 MF-BB + 0.001872 MF-BB  + 0.0023712MF-BB  9
− 0.7066MF-BB  (

(4.38)

(4.39)

The cell level analysis can be scaled up to represent the entire fuel cell stack. The
total fuel cell output voltage (Vfc) is the cell voltage multiplied by the number of cells
(Nstack):
\0CF. = N\0CF. ' Eo − CF. − F5DF − 5ℎIMF (
\0CF. = 46  G[-BB − 0.85 10b  9 − 9F 

(4.40)
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− 0.001872 MF-BB  − MF-BB −0.0023712 + 0.7066 / 9 9 

The fuel cell stack model considers temperature and parasitic losses. The stack
voltage vs. output current curve closely resembles the shape of the theoretical cell
potential.
4.8.1 Load Dependent Temperature Change

An increase in stack temperature (  > 0 ) will occur as load increases
l

corresponding to an increase in the heat generation rate (# > 0) will decreases

proportional to the heat dissipation rate towards the ambient temperature (T∞)

[4.17]. For a Nexa Power Module, the cooling blower will aid in heat dissipation.
The following expresses the thermal performance of the Nexa Power Module:
%9
IF/
= # − O09 − 9∞
%0

(4.43)

where mcp is the thermal capacitance = 4304 J/°C
# is the heat generation rate (W)

Ht is the heat transfer coefficient (W/°C)

T∞ is the ambient temperature = 24 °C
I is the load current

O0 = 15.07 " k.

bfm

(4.44)

# = Gℎ − +F "+F

(4.45)
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Eh is an ideal potential obtained when all the formation enthalpy of water is
converted into electricity (V) = 1.482. By comparing the theoretical values to
the experimental values, the scaling value has been adjusted to be 1.282.
Gℎ = 1.282 LH0CF.

(4.46)

At steady state conditions where dT/dt = 0, the stack temperature can be restated
as:
Gℎ − +F "+F = O09 − 9∞
9=

Gℎ − +F "+F + O0 9∞
O0

(4.47)
(4.48)

4.8.2 Stack Temperature
The impact of high temperature on the fuel cell stack performance is mainly due to
changes to the membrane’s water saturation which affects the fuel cell stack
potential. The steady state temperature is directly related to the stack output power
level. The full stack model based on the theoretical cell model shown previously is
adjusted to accommodate the stack temperature (T) changing as the stack voltage
and current level change.

Figure 4-11 Fuel Cell Stack Temperature Model to Actual Comparison
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The theoretical fuel cell stack model incorporates support for changes in stack
temperatures.

A comparison between the model temperature and the stack

temperature experimental data (+) is shown in Figure 4-11. The theoretical values
for the steady-state temperatures match well with experimental data under
different load conditions.

4.9 Operation of Fuel Cell Power Module
During the operation of the Nexa Fuel Cell Module, it was observed that the stack
voltage reported by the NexaMon monitoring software was different from the
voltage reported by the DC Load control software. This observation led to an
investigation into trying to characterize the difference between these two measured
values.

Figure 4-12 Fuel Cell Characterization Test Setup
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4.9.1 Operational Analysis of Fuel Cell Power Module
The model proposed previously in [4.11] characterized the electrical operation of
the fuel cell as an internal resistance in series with the stack. The model was shown
to provide an improved correlation between the model output voltage when
compared to the experimentally observed output voltage. It is proposed to extend
the model to include two internal resistances, one in series with the stack (as
previously proposed) and a second resistor in parallel with the stack. The resulting
electric model of the fuel cell module includes losses that can be examined as a
function of the output module current. Likewise the stack voltage can be expressed
in terms of the output module current. This will reflect the stack voltage drop as a
result of internal losses.
While performing ongoing experimental investigations into the characteristics of
fuel cell power module, a new set of operational observations were collected [4.18].
The block diagram illustrating the experimental setup used to collect the research
data is shown in Figure 4-12. One of the main differences in the experimental setup
compared to earlier experiments is that a programmable electronic DC load is used
in the current research while in the previous research a resistive load bank was
used as the DC load. The programmable electronic DC load allows for finer control
of the load. During the experiments detailed results were recorded to document the
load characteristic (fuel cell output current and voltage) and operation of the fuel
cell power module (stack current and voltage and stack temperature).
By examining the experimental data it was proposed in [4.18] that a mathematical
relationship exists between the fuel cell module output current and the fuel cell
stack voltage and two internal resistors. In the previous research, the equivalent
circuit model of the fuel cell module was represented by a voltage source V’o
connected with an equivalent internal resistance R’int in series, as shown in Figure 413a. V’o is the open circuit voltage of the power module. I’fc is the output current of
the fuel cell power module; V’out is the output voltage of the power module when a
load is connected.
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(a) Equivalent electric circuit for the fuel
cell power module proposed in previous
research

(b) Improved equivalent electric circuit
for the fuel cell power module

Figure 4-13 Comparison of Electric Ciruit Models
During the analysis of the collected data, the observed current at the load did not
behave as described in the initial electric model (Figure 4-13a). The fuel cell stack
current Istack was noted to be markedly different (larger) than the fuel cell output
current Ifc as reported by the Nexa monitoring software (NexaMon). According to
the model shown in Figure 4-13a, these two currents should be the same.
Therefore, it can be concluded that beside the equivalent internal resistance
connected with the voltage source in series, there should also be a resistive element
connected in parallel between the output terminals of the circuit model.
Based on this observation an improved equivalent circuit model is proposed, as
shown in Figure 4-13b. In the improved model, the stack voltage of the fuel cell
power module (Vstack) is represented as a voltage source corresponding to the
electrical potential generated due to the chemical reaction of hydrogen with oxygen.
As in the initial electric model, Vstack varies with the external load to follow the
operating characteristics of the Nexa™ fuel cell power module [4.16]. A series (rs)
resister and a parallel (rp) resistor are added to the new model to represent the
equivalent internal resistance within the fuel cell power module. The stack current
(Istack) is defined by equation (4.49) which is the current flowing through the series
resistance while the current loss flowing through the parallel resistance is defined
as Ip (see equation 4.50).
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"\0CF. = "+F + "/
"/ =

+F
,/

(4.49)
(4.50)

Combining the above current equations to solve for the parallel resistance (rp):
+F
"\0CF. = "+F +
,/
,/ =

+F
"\0CF. − "+F

(4.51)
(4.52)

The fuel cell output voltage (Vfc) can be determined from the stack voltage (VStack)
less the voltage drop for the series resistor (rs).
+F = \0CF. − "\0CF. ,H
,H =

\0CF. − +F
"\0CF.

(4.53)
(4.54)

The determination of the stack voltage and the internal resistors represented by rs
and rp are expressed as a function of the fuel cell output current and incorporates all
of the internal losses for the fuel cell module. The resulting output voltage and
current reflect the losses due to activation, concentration, ohmic and parasitic
effects.
4.9.2 Revised Electric Model
The analysis in [4.18] of the experimental data showed that a mathematical
relationship exists between the fuel cell module output current (Ifc), the fuel cell
stack voltage (Vstack) and the proposed new internal resistors (rs and rp). The
relationship to the output current was found in [4.18] using a curve fitting
technique. The following expressions were determined from the experimental data:
H0CF. = CHE -K/HE "+F  + FHE -K/%HE "+F 
,H = CH, -K/−H, "+F  + FH, B5T "+F  + %H,

(4.55)
(4.56)
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,/ = C/, -K//, "+F  + F/, -K/ %/, "+F 
asv = 3.049
bsv = -0.5397
csv = 38.1
dsv = -0.007432

asr = -0.6687
bsr = 0.03981
csr = -0.2809
dsr = 1.196

(4.57)

apr = 23
bpr = -0.065
cpr = 12.94
dpr = -0.02237

4.9.3 Benefits of the Revised Electric Model
The revised electric model provides a more accurate representation of a fuel cell
power module. Having a high quality model is valuable because it allows simulation
results to be compared against laboratory results with reduced error. However, the
model is not directly portable to different power modules because the new power
module can have different internal losses and behaviours due to differences in age
and usage. A tuning procedure can be developed to generate new parameters for
the electric model to suite a specific power module.
4.9.4 Electric Model Implementation
The proposed electric model can be implemented in a simulation environment
resulting in a model that does not require extensive processing overhead when
compared against the theoretical model. A simple implementation of the model in
SimPowerSystems is shown in the next section.

Figure 4-14 Implementation of the Revised Electric Model
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Figure 4-15 Measured Fuel Cell
Model Output

Figure 4-16 Calculated Module
Auxiliary Losses

Figure 4-17 Calculated Series
Resistance (rs)

Figure 4-18 Calculated Parallel
Resistance (rp)

Figure 4-19 Experimental Output Voltage vs. Output Current

The electric model defined in equations (4.49) through (4.57) can be implemented
in a simulation environment by combining controllable voltage and current sources
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(see Figure 4-14). The current loss (Ip) can be modeled as a controllable current
source connected in ‘reverse’ to draw current from the fuel cell module. The voltage
drop represented by the series resistance is modeled as a controllable voltage
source connected in ‘reverse’ to reduce the stack voltage. The stack and output
currents as well as the output voltage are measured and used as feedback terms by
the control algorithm to define the set-points for the controllable voltage and
current sources.
The series resistance rs can be calculated using the measured output current (Ifc)
and equation (4.56). The series voltage drop is calculated using the determined
series resistance and the stack current (Istack) which can be measured. The parallel
resistor rp can be calculated using the measured output current (Ifc) and equation
(4.57). The current through the parallel resistor is calculated using rp and the
measured output voltage (Vfc).
4.9.5 Experimental Results
The observed operation of the output current (Ifc) is plotted against the output
voltage (Vfc) shown in Figure 4-19 which illustrates the non-linear behaviour of the
fuel cell as the output current changes. Using equations (4.56) and (4.57) the
calculated series and parallel resistors can be plotted from the experimentally
collected operational data shown in Figure 4-17 (rs) and Figure 4-18 (rp). Again the
curves for the internal resistance values are seen to be non-linear with the changes
in the output current. The fuel cell output power and stack power are recorded
against the output current.

The difference (represented by the ‘*’) between the

stack ‘+’ and the output ‘o’ power is calculated representing the losses due to the
auxiliary (plant) losses as shown in Figure 4-16.

The stack temperature was

collected and plotted in Figure 4-11 as a function of output.
4.9.6 Model Comparison and Discussion
The module output observations are plotted against the theoretical model and the
revised electric model (Figure 4-20) where the theoretical model matches the
measured voltage and current. At peak power both the stack and output voltage
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accuracy decreases resulting in poorer tracking of the output power at full load
conditions. The performance of the output current for the models when plotted
against the stack voltage is shown in Figure 4-21.

Figure 4-20 Fuel Cell Module Ouput Comparison

Figure 4-21 Stack Voltage Model Comparison
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The module output power observations are plotted against the theoretical model
and the developed electric model (Figure 4-22). The electric circuit model provides
acceptable tracking of the stack voltage and corresponding stack power curve with
regards to the output current. The tracking of the output voltage and output power
is acceptable but with a higher deviation from the experimental data. The tracking
of stack power is shown in Figure 4-23.

Figure 4-22 Fuel Cell Module Ouput Power Comparison

Figure 4-23 Stack Power Model Comparison
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4.10 Ideal Fuel Cell Model
The simulated fuel cell used in some experiments is a linear representation of the
Nexa Fuel Cell module. To get the linear approximation to match the experimental
results, the battery is set to an output of 36.75 VDC (represented by an ideal
battery) with a series resistance value of RFC = 0.2725 Ω.
During the majority of the lab experiments the fuel cell was replaced by a
controllable DC power supply to save on fuel cell wear and hydrogen costs. The DC
Test Source model represents only the ohmic losses determined by using a line of
best fit against the experimental performance of the laboratory fuel cell. The model
is also known as the Ideal Fuel Cell Model.
4.10.1 Simulated Operation of Fuel Cell
The Fuel Cell Operation tests validate the simulation model against data collected
from the physical fuel cell. The output voltage vs. current graph for the simulated
system is compared to the performance curve provided by the manufacturer. It is
important to note that the output is un-regulated and that a DC-DC converter is not
utilized.
To test different models both the representation of the stack voltage and the output
voltage are compared to the experimental recorded voltages. As well, the stack and
the output currents are examined by looking at the voltage and output power
curves.
Ideal Fuel Cell Model – The Ideal Model provides relative good performance for a
simple model. The model does not provide good tracking at the extremes of the
stack current under low and high load where non-linear regions exist.
Theoretical Model – The theoretical model provides good tracking of both voltage
and power. At peak power both the stack and output voltage accuracy decreases
resulting in poorer tracking of the output power at full load conditions.
Electric (Rs Rp) Model – The Electric (Rs Rp) model provides very good tracking of
the stack voltage and corresponding stack power curve with regards to the output
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current. The tracking of the output voltage and output power remains good but
with a higher deviation from the experimental data.
4.10.2 Model Auxiliary Losses Support
The theoretical fuel cell stack model provides support for the losses associated with
operating the fuel cell auxiliary systems (parasitic load). Figure 4-24 shows the
auxiliary losses for the Ideal, Theoretical and Electric (Rs Rp) Models compared to
the calculated losses from the experimental data.

Figure 4-24 Comparison of Auxiliary Losses
A simple electric circuit model has been proposed to represent the dynamic
behavior of a fuel cell power module. The parameters for the electric model are
estimated from experimental observations. The electric model is shown to provide
good agreement with the observed fuel cell output voltage and module output
power.
The theoretical model was developed to incorporate temperature effects and
include the losses incurred to supply power to the auxiliary systems within the
power module. Both the electric and the theoretical modes are validated against the
observed behavior of the Ballard Nexa 1.2 kW PEM fuel cell power module. The
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implementation of the electric model in SimPowerSystems provides a easy to use
representation of the fuel cell power module for power system studies.
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5 SYNCHRONIZATION
An islanded microgrid requires the ability to connect to the grid. To connect to the
grid, the voltage, frequency and phase of the island system must be close to those of
the grid. There are numerous synchronization algorithms that provide microgrids
the ability to adjust their operation to be in-phase. The synchronization algorithm
must operate well in the presence of grid disturbances (harmonics) and grid
imbalance. The algorithm must be responsive to changes in the grid reference
signal. It has been demonstrated that a phase-locked loop with a dq transformation
(dq-PLL) is a suitable technique for grid connection applications such as wind
turbines, PV and fuel cell systems [5.1, 5.2 & 5.3]. The challenge with the dq-PLL is
to select the parameters for the proportional integrator within the algorithm [5.4,
5.5 & 5.6].

5.1 Synchronization Techniques
The phase angle of the utility voltage plays a critical role for the integration of
distributed generation systems with the utility. It is essential to have an accurate
phase angle for the generation of reference signals. The phase angle is also used by
the rotating reference frames (alpha-beta and dq). The technique used to extract
the phase angle must be able to handle distorted utility voltages and utility
harmonics [5.7]. Matching the utility power factor ensures the optimum transfer of
generated power without circulating energy. Improper phase angles can result in
large harmonics due to errors in the reference signals. Reclosing of the connection
to the grid without matching the phase between the microgrid and the grid will
result in large distortions in the system.
Synchronization is an important element in power factor control and controlling the
harmonic content of the inverter output. The current that is transferred to the grid
must be synchronized with the grid. The phase tracking algorithm needs to quickly
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track the changes in the grid but should also be able to reject noise and high order
harmonics.

The following techniques have been studied for use in grid

synchronization [5.8]:
Zero-Crossing Method: simple implementation but poor performance and
does not respond well if the grid voltage has harmonics or notches;
Filtering of Grid Voltages: has some issues extracting frequency during grid
disturbances and concerns with overall performance; and
PLL Techniques: considered to be the state-of-the-art for extracting grid
phase angle, better rejection of grid harmonics, notches, and other
disturbances.

5.2 dq-PLL
The synchronization method used in this research will be the technique using a
Phase Locked Loop with a dq transformation (dq-PLL). This technique has been
shown to provide reliable grid phase matching [5.8, 5.9]. The parameters chosen for
the filter within the PLL have a significant influence on the lock quality [5.8],
convergence speed and steady state noise and disturbance rejection. The PLL may
have performance issues in the presence of unbalance in the grid.

The

recommended technique to use is a three-phase dq-PLL structure because of its
good negative sequence filtering [5.1, 5.2].

Figure 5-1 PLL Control Block Diagram

H is the magnitude of the source (peak line to neutral voltage)

ωo is the source frequency
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θo is the initial source phase angle
The Phase-Locked Loop (PLL) control block diagram is shown in Figure 5-1. The
compensator H(s) has a low-pass frequency characteristic. The PLL will regulate the
output (ρ) at ωot + θo using a feedback technique [5.4, 5.5, 5.8 & 5.10].

Figure 5-2 dq-PLL Control Block Diagram
For the dq-PLL (see Figure 5-2), it is desirable to have Vsq to be zero in the steady
state when the dq frame uses the PLL angle for its transformation such that the PLL

output  is equal to ρ (angle of rotation of the dq frame). The Voltage Control

Oscillator (VCO) provides the integration function and also resets the angle to 0
once it has reached 2π.

Figure 5-3 Second Order PLL
The next step is to design the compensator H(s). The challenge is to select a
compensator that will operate with an unbalanced source as well as managing
under harmonic distortion conditions.
compensator as shown in Figure 5-3.

A second order PLL is chosen for the
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, the PI controller gains can be determined such
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τ

Time constant

ζ

Damping ratio

ωn

Un-damped natural frequency

(5.3)
(5.4)
(5.5)

Select the PI gains so that loads are not disturbed by a voltage sag where:
ki effects the tracking speed
kp influences phase margin and bandwidth
Since the nominal source frequency is 60 Hz the system can be designed for this
frequency. For an overshoot of 5%, the damping ratio can be approximated at ζ ≈
0.707. The settling time ts is desired to be 1% of the 60 Hz period or ts = 1/60 =
0.0167 msec.

D =

4
0H =
ζ D

4
4 ∗ 60
=
= 339.463 ,C%/H
ζ 0H
0.707

(5.6)
(5.7)
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The PI gains can be expressed in terms of the nominal peak system voltage (V).
./ =

2 ζ D
2 ∗ 0.707 ∗ 339.463 480
=
=



.M =

339.463
D
=



(5.8)
(5.9)

On the secondary of the transformer with H = 120 √2
kp = 2.828

ki = 679.028
On the primary of the transformer with / = 12 √2 ⁄√3
kp = 48.990

ki = 11761.136

5.3 Selection of Synchronization Source
The synchronization operation is responsible for generating reference signals which
are used by both the PWM function and the main controller algorithm.

The

synchronization source is determined based on different factors such as start-up
state (black start), connection status, grid availability and island validity.

The

synchronization sources are listed in Table 5-1. The algorithm for the selection of
the synchronization source is shown in Figure 5-4. If at all possible the preferred
source is the grid. It is possible for a grid signal to be present but not of a good
quality when severe grid disturbances are occurring. In the situation of an invalid
grid, the grid sensor should be ignored. The synchronization references that are
generated include: frequency (ωt) and reference voltage waveform. The generation
of the synchronization frequency (ωt) and the reference voltage signal is shown in
Figure 5-5.
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Figure 5-4 Synchronization Reference Source Determination
5.3.1 Black Start
At a system cold start (black start), no reference signals are available from the
sensors since the system is not operating. At start-up, the system is forced to
remain in Black Start for a pre-defined interval (0.150 sec) to allow for the system
controllers to start and the PLLs to lock onto any available reference sources. The
black start references signals are generated from an internal signal generator
operating at the fixed frequency of 60 Hz and at a fixed voltage level at the nominal
primary voltage. At initial system startup, the black start source will remain active
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until the grid is available at which time the tracking algorithm will be engaged to
eventually allow the microgrid to join the grid.
Table 5-1 Synchronization Sources
Sync Source
Black Start
Grid
Track
Island
Open-Loop

Enumerated Type
0
1
2
3
4

Figure 5-5 Synchronization Reference Generation
5.3.2 Island
If no valid grid signal is present, the selected source will be ‘Island’ resulting in the
references signal to be generated from a dq-PLL which uses the transformer
primary voltage to generate the frequency reference. The voltage reference signal is
set to a fixed magnitude (nominal primary voltage) at the desired frequency. The
dq-PLL must be active and processing the primary voltage prior to the island being
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formed in order for the PLL to generate a valid synchronization signal to be used by
the voltage controller.
5.3.3 Grid
If the grid signal is present and valid, a dq-PLL extracts the grid references from the
grid sensor which is located on the secondary side of the transformer on the grid
side of the PCC contactor. The extracted values must be corrected for the 30° phase
shift that has been introduced by the delta-wye connection of the transformer. The
tracking voltage reference sets the reference magnitude to match the grid.
5.3.4 Open-Loop
The open-loop synchronization source used is the same as the black start source.
The open-loop is only used when the operation of the system is under manual
control by adjusting the modulation index to regulate the output to reach the
desired secondary voltage (120 VRMS).
Table 5-2 Transformer Turn Ratios
Phase
A
B
C

Turn Ratio
17.48
17.78
17.80

5.4 Frequency Tracking
One of the important control functions is to adjust the phase of the island system to
match the phase of the grid. Once a valid grid frequency has been determined, the
tracking function begins to slowly adjust the tracking reference waveform to match
the grid phase. Once the tracking frequency matches the grid, the intertie relay will
reclose allowing the microgrid to join the grid. The tracking function is disabled and
the tracking waveform locks to the grid when the connection to the grid is
established. If the grid is not valid the tracking function locks onto the island
reference. The tracking operation is controlled by the Track Logic function which
bases its decision making on the specified synchronization source.
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The voltage matching function (shown in Figure 5-6) extracts the grid magnitudes
for each phase and generates the corresponding voltage magnitudes for the primary
references. The turn ratios from Table 5-2 are used to translate the magnitudes
from the secondary (grid) to the primary side of the step-up transformer. The
variation in the turns ration between phases is a result of differences in the
windings during the fabrication of the transformer. Differences between phases can
also be introduced due to component differences between the phases (inductors,
capacitors, etc.).

Figure 5-6 Frequency Adjustment System

5.5 Tracking Technique
The frequency adjustment algorithm shown in Figure 5-6 calculates the difference
between the grid frequency (ωtGrid) and the island frequency (ωtIsland). The initial
frequency difference is passes through a filter to generate a modified delta. The
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modified delta is fed into a simple proportional gain control loop. The result (u) is
combined with the grid frequency (feed forward term). The particular difficulty
with this technique is the process used to generate the frequency difference which
in turn is used to generate the new desired frequency (ωtAdjust). The cause of the
difficulty is that the frequency signals are ramp functions from zero to 2π at which
point the signals are reset to zero.

Figure 5-7 Frequency Synchornization Cases
Two general conditions can exist: the island leads the grid (Cases 1, 3, 5 & 6) or the
island lags the grid (Cases 2, 4, 7 & 8). The different cases are shown in Figure 5-7.
The simple case when the grid and the island are in phase is when the difference is 0
rad/s (or 2π rad/s which is equivalent). The following is a high level description of
the frequency synchronization cases as shown in Figure 5-7. Initially, the difference
is calculated and used to determine which case is applicable.
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raw delta = ωtGrid - ωtIsland
Case 1: Island Leads Grid, Island Resets to Zero
delta = -2π + ωtGrid - ωtIsland
Case 2: Island Lags Grid, Grid Resets to Zero
delta = 2π + ωtGrid - ωtIsland
Case 3: Island Leads Grid, Island above π, Grid bellow π
if (raw delta) > π/2
delta = -2π + ωtGrid - ωtIsland
endif
Case 4: Island Lags Grid, Island below π, Grid above π
if (raw delta) < -π/2
delta = 2π + ωtGrid - ωtIsland
endif
Case 5: Island Lags Grid, Island and Grid below π
Case 6: Island Lags Grid, Island and Grid above π
Case 7: Island Leads Grid, Island and Grid below π
Case 8: Island Leads Grid, Island and Grid above π
if (raw delta > 0)
if (raw delta) > π/2
delta = -2π + ωtGrid - ωtIsland
if abs(delta) > π
delta = raw delta
endif
endif
else
if (raw delta) < -π/2
delta = 2π + ωtGrid - ωtIsland
if abs(delta) > π
delta = raw delta
endif
endif
endif
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5.6 Island Validity
The island operation is considered valid if the primary transformer voltage and
frequency are within the following limits:
6.24 ≤ / ≤ 7.62 \
58.8 ≤ + ≤ 61.2 O

(5.10)
(5.11)

5.7 System Startup
When the system is starting, the control algorithms cannot read sensor values from
the system to be used as a reference source. During the startup sequence, the
system generates an internal reference. The start-up reference signal is a three
phase sinusoidal waveform with a magnitude equivalent to the nominal primary
side voltage at a fixed frequency of 60 Hz. The system will transition out of black
start only after a valid grid reference is available at which point the tracking
algorithm is utilized.

5.8 References for Island Operation
When the inverter is operating in an islanding mode, extracting the frequency from
the grid is not always possible.

The island references are extracted from the

primary voltage using a three phase PLL. When in the island mode, the controller
will continue to attempt to extract a frequency reference from the grid.

The

extracted frequency is validated to determine if the grid frequency is within
tolerances.

If the extracted frequency is within the tolerance the islanded

frequency is forced to follow the extracted frequency (no longer at the fixed value)
by switching to the ‘Track’ synchronization source.
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5.9 Island to Grid Transition
If the grid has returned back to normal and is valid but the intertie relay has not
reclosed. The controller must take action to adjust the island phase to match the
grid phase. The tracking function is performed by generating a new reference signal
that will migrate to be in phase with the grid. The system follows this tracking
reference (generated from the tracking PLL). The new tracking reference will
transition to eventually become equivalent to the grid to allow the intertie relay to
reclose.

5.10 Grid References
5.10.1 Three Phase PLL
A voltage sensor is connected to the grid side of the contactor within the
Interconnection Equipment Rack (PCC). The location is important since the voltage
needs to be sensed regardless of the state of the interconnection contactor
(controlled by the intertie relay). A single phase PLL technique has been shown to
have adequate performance [5.7]. This was the original design, but in simulation, it
was found to be insufficient. In this research, a three phase PLL from the grid
voltage will be utilized since it is shown to have better resistance to disturbances.
5.10.2 Phase Calculation
The phase (φ), measured in degrees, represents the relationship between the real
power (P) and reactive power (Q). The power factor (pf), which has no units, has a
similar relationship as the cosine of the phase [5.11]. The three phase power can be
calculated using the inverter output voltage (vs-abc) and current (is-abc) as shown in
Appendix A. The power is calculated on the secondary side of the transformer
which is the grid side of the transformer (inverter output).
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5.10.3 Verification of Grid Existence
IEEE standard 1547 defines the tolerances for the grid in terms of the voltage,
frequency and power factor [5.12]. If the grid is present while the controller is in
the island mode, the reclosing synchronization algorithm will try to follow the grid
frequency as shown in the previous section. The grid is considered to be present
only if all of the following conditions are valid:
106 ≤  ≤ 132 \

(5.12)

0.85 ≤ /+ ≤ 1.0

(5.14)

59.3 ≤ + ≤ 60.5 O

(5.13)

5.11 Reclosing Sync Algorithm
In order for the intertie relay to reclose the operating parameters of the microgrid,
must be within the tolerances defined in Section 3.4.5. The reclosing operation of
the intertie relay will only permit reclosing when frequency, voltage and phase are
within the specified ranges. When the grid connection has been lost and no voltage
is present the frequency extracted by the three phase PLL will be outside the grid
tolerances. Once the grid has returned, the algorithm needs to bring the islanded
frequency back into synchronization with the grid frequency. This is of particular
importance if the islanded frequency (phase) has experienced drift from that of the
grid. The voltage for the grid (Vgrid) is valid regardless of the state of the contactor
and equivalent to the voltage at the microgrid (Vabc) when connected to the grid.
When the grid is detected to be present and valid, three key island parameters
(voltage magnitude, frequency and phase) need to match the corresponding values
in the grid. The island voltage, prior to the grid becoming available, needs to track
towards the current grid voltage.

By generating a new “tracking” reference

(adjusting the voltage, frequency and phase) the microgrid controller with modify
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its operation so that the conditions will allow the intertie relay to reclose permitting
the microgrid to join the grid.
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6 MICROGRID CONTROL MODEL
DEVELOPMENT

6.1 Voltage Source Converters
A common application of voltage-source pulse width modulated converters is for
ac/dc converters. It is also common for the VSC to have a control structure that
consists of an internal current feedback loop. This type of structure has many
advantages including [6.1]:
-

Control of instantaneous current waveform with high accuracy;

-

Peak current protection;

-

Overload rejection;

-

Fast dynamics;

-

Compensation of the effects due to load parameter changes (resistance
and reactance);

-

Compensation for the voltage drops and dead times of the converter; and

-

Compensation for the dc-link and ac-side voltage changes.

The current control strategies can be divided into linear and non-linear. The linear
group includes: Stationary Controller PI, Synchronous Vector Controller (PI), State
Feedback Controller, as well as Predictive and Deadbeat Controllers. The non-linear
group includes: Hysteresis Current Controllers, Delta Modulation, Controllers with
On-line Optimization, Neural Networks and Fuzzy Logic Controllers.
The synchronization dq-PLL technique provides a natural fit of the general category
of a linear controller with a synchronous vector controller (PI) utilizing the dq and
alpha-beta reference frames [6.2, 6.3]. Additional information on the dq reference
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frame can be found in Appendix A. The design of a synchronous controller needs to
consider the current control as well as the power control with respect to the filter
design and the isolating transformer [6.4, 6.5, 6.6 & 6.7]. The control strategy needs
to manage both grid connected operation and autonomous operation (island) [6.8,
6.9, 6.10 & 6.11].
The control of a microgrid is based on advances in power electronics and the
corresponding control theory in the utilization of a rotating frame of reference such
as the Clark-Park transformations. A simplified grid connection model is described.
The control algorithms are discussed for both the grid connected (Current Control
Mode) and island (Voltage Control Mode) operation. An aggregated controller is
presented to show the simultaneous operation of both controllers. The algorithm
developed and controller implementation is based on a rotating frame of reference
(abc-dq).

6.2 Control Objectives
The following control objectives are required to ensure a successfully interface a
between the microgrid and the grid:
1. In an islanded state (load following mode), the system is required to
maintain the voltage at the defined levels and minimize frequency variations.
The local generator produces power to follow the local load;
2. In a grid connected state, the system is required to meet grid tolerances for
both voltage and frequency. The voltage and frequency are set by the grid;
3. The system is required to deliver the specified amount of power. This is
dependent on the following:
a. Connection State;
b. Operating Mode; and
c. Set Points (real and reactive power demand).
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4. The system is required to support the different Modes of Operation as
defined in Chapter 7 (Load Following, Peak Shaving, Curtailment, Export and
Idle);
5. The system is required to minimize the THD for the power delivered to the
grid under different load conditions (real and reactive power) as well as
under conditions of load and generation imbalance; and
6. The system is required to change operating modes in response to grid
connected state changes under the control of the intertie relay and manual
control through the interconnection isolation switch.

6.3 Control Variables
The input voltage (VDC) and current (IDC) are the DC sensed values delivered (input)
to the inverter. At the present time, the DC current value is not being utilized and
may be used in the future to measure the inverter efficiency. The inverter output
represents the output power delivered by the inverter to the microgrid to be
consumed by the local load and the grid. The output voltage (vabc, vs-abc) and output
current (iabc, is-abc) are measured after the step up transformer. These are also
referred to as the transformer secondary voltage and current. The load current
(iLabc) is measured at the input to the electronic load. The connection information is
a collection of digital signals indicating the state of the disconnect devices in the
Interconnection Rack.

The filter inductor current and capacitor voltage (line-to-

line) are measured on the primary side of the step-up transformer. These are also
referred to as the transformer primary voltage (vp-abc) and current (ip-abc). The
currents are measured using Hall-effect sensors (CT). The voltages are measured
using potential transformers (PT).
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6.4 Simplified Grid Connection
The Voltage Source Converter (VSC) architecture is used in multiple applications
due to the improvement in semiconductor technology (electronic switches) and the
corresponding control schemes utilizing PWM techniques. The energy conversion
system has the ability to control real and reactive power, bi-directional power flow,
and provide high quality output power. The full power conversion system is shown
in Figure 6-1.
The power converter proposed is composed of a Pulse-Width Modulatation (PWM)
switch operating at a high switching frequency with the switching ripple filtered by
a passive filter. The power converter utilizes both voltage-source and currentsource topologies with internal control loops used to track the desired command
power references.

Figure 6-1 Microgrid Grid Connection
The control model needs to meet the control design objectives considering factors
from practical implementation that influences operation such as:
-

Component mismatch;

-

Measurement errors including the calibration of sensors and the accuracy
of the sensors;

-

Unbalanced load impedance and unbalanced grid;

-

Controller resolution that influences the sampling period of the analog to
digital conversion; and
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-

The controller response to system changes as dictated by the step size
defined in the simulation and real-time environment.
Table 6-1 Operating Parameters and Component Values

Constants

Description

C1 = C2 = ½ CDC

DC Link Capacitor, where CDC = 2200 + 10000 µF

fs = 9720 Hz

Switching Frequency

fGrid = 60 Hz

Utility Frequency

ωref = 377 rad/sec

For a Grid Tie System (60 Hz)

VLL = 208 Vrms

Line to Line Voltage

fc = 1157.7 Hz

Filter Cut Off Frequency

Cf = 135 µF

Filter Capacitance

Lf = 0.14 mH

Filter Inductance

Rf = 0.016 Ω

Filter Resistance

LT = 10 μH

Transformer Leakage Inductance

RT = 0.014 Ω

Transformer Secondary Winding Resistance

Lg = 0.5 mH

Grid Inductance

Rg = 1.1 Ω

Grid Resistance

ron = 0.0012 Ω

Inverter Switching Resistance

RInv = 0.011 Ω

Inverter AC Interface Resistance

RPCC = 0.001 Ω

Grid Interconnection Interface Resistance

6.5 Grid Connected Control System Model
The control system model has been developed based on the single line diagram in
Figure 6-1 and representing the system in its grid connected state shown in Figure
6-2. From the simplified diagram, a current flow and voltage analysis can be
performed to express the system mathematically.

The system is analyzed by

applying KCL and KVL at nodes A and B as shown in Figure 6-2. The next step is to
introduce compensation into the system in the form of feedback and feed-forward
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controls to design a stable system in the presence of external dynamic influences
that exist when the system is operating to supply different loads.
6.5.1 Model Constants and Parameters
The operating parameters and system components are defined in Table 6-1. These
constants represent the component sizes used in the laboratory inverter.

A

description of the control model parameters is provided in Table 6-2.
Table 6-2 Control Model Parameters
Parameter

Description

IGrid

The current provided by the grid (if negative then the current
flows to the grid)

ILoad

The current delivered to the load

IInv

The output current from the inverter also known as the
terminal current (IT)

IfL

The current passing through the filter inductor

IfC

The current passing through the filter capacitor

IS

The current at the PCC provided by the inverter system

ITp

The current passing into the primary side of the transformer

ITs

The current leaving the secondary side of the transformer

IDC

The DC current entering the inverter

VDC

The DC voltage across the DC Link capacitors

VInv

The voltage at the output of the inverter also known as the
terminal voltage (VT)

VTp

The voltage at the input to the transformer (Primary).
Equivalent to the voltage across the filter capacitor (line-toline)

VTs

The voltage at the output of the transformer (Secondary)

VS

The voltage at the PCC, output voltage of the inverter system

VGrid

The voltage of the grid / utility

6.5.2 Laboratory Inverter Architecture
The Grid Connected System Model is based on an existing laboratory inverter. The
components within the inverter are described in detail in Appendix H and consist of:
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-

Switching filter which is a LC combination with a series inductor (Lf) and
a capacitor bank (Cf) connected in a delta configuration;

-

The transformer which can be represented as an ideal transformer
modelled as a voltage source in series with a leakage inductance (LT) and
a series resistance on the secondary winding (RT) generating the
secondary current (ITs); and

-

The grid which is represented as a series resistance (Rg) and an inductor
(Lg).

Figure 6-2 Simplified Grid Connection
6.5.3 Model Analysis
The circuit at the filter and at the connection to the grid is analyzed where Lf and Cf
are from the 2nd order filter. From the simplified grid connection shown in Figure 62, the voltages and currents can be expressed in the following equations. The
following currents are equivalent (where IfL = IInv, IfL = ITp, and ITs = Is):
At Node A:
"+* = "9/ + "+[
"+[ = [+

%9/
%0

(6.1)
(6.2)
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At Node B:
"*5C% = "\ + ",M%

(6.3)

The voltage drops can be expressed as (where Vfc = VTp):
+* = *+

%"+*
%0

[ = "DE − +* − ""DE ,5D + +
 9 = *9

%"9H
%0

\ = 9H − 9 − "9H 9 + "DE

(6.4)
(6.5)
(6.6)
(6.7)

6.5.4 Operating Frequency
The modulation signal is related to the system operating fundamental and the
switching frequency where:
mf = Modulation Index
fo = Frequency of the extracted system fundamental reference (Hz)
fs = Frequency of the sinusoidal modulation waveform (Hz)
I+ =
+5 =

+H
+5

5
24

θ is the angle provided by the phase-locked loop (PLL) with regards to the grid
voltage such that the extracted grid frequency (ω) can be determined by:
=

%
%K

The series reactance (X) between the grid and the inverter are defined for each of
the following components:
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+* =  *+

Filter:

−1
+F =  [
+
9 =  *9

Transformer:

 =  *T

Grid:

* =  **

Load:

6.5.5 The Effects of Transformer and Filter
The transformer model is shown in Appendix H. Examining the primary side of the
transformer which represents the output of the LC filter, the system can be
expressed in terms of the primary side voltage (VTp) and current (ITp) as well as the
secondary side voltage (VTs) and current (ITs).
The current on the primary side of the transformer [6.2, 6.12]:
% 9/
1
1
=
"9/ −
9 "
%0
3 [+
3 [+ M 9H

(6.8)

The LC filter voltage can be expressed in terms of the primary transformer voltage
(VTp) which is measured as a line-to-line voltage due to the transformer delta
configuration of the primary:

% "9/
1
1
1
=
"DE − 9/ − + "9/
%0
*+
*+
*+

(6.9)

The voltage on the secondary side of the transformer (VTs) is measured as line-toneutral since the transformer is configured in a Wye (Y) configuration [6.2]:
% "9H

1
1
= − 9 "9H +
9E 9/ −

%0
*9
*9
*9 9H

(6.10)
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The output current from the inverter:

% 9H
= "\ − *T "9H − T"9H
%0

(6.11)

6.5.6 DC Voltage Compensation
Assuming a sinusoidal PWM (SPWM) strategy, the per-switching-cycle average
voltage of the VSC at the ac-side terminals are [6.10]:

CF0 =  :[  ICF0
2

where:

(6.12)

VDC is the input voltage to the inverter
Vabc(t) is the vector representing the terminal output voltages
mabc(t) are the PWM modulation signals

The inverter output VInv is proportional to a modulating signal m [6.13] and can be
expressed as:

"DE = I  :[ 
2

(6.13)

Where the plant shown in Figure 6-3 can be evaluated to be:
H =

1
*+ H + + + ,5D

(6.14)

The synchronous reference frame is used to allow the assumed sinusoidal signals to
be represented as DC quantities. The controller for the system provides an output U
that is the dq frame representation from the controller K(s):
:[
%& =  2  I%& − 9/

(6.15)
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To eliminate the impact of changes to VDC, as shown in Figure 6-3, the control signal
(modulation signal) is divided by VDC.

The feed-forward action remarkably

mitigates undesirable harmonics of Vabc(t) when VDC includes a periodic ripple
[6.14].

Figure 6-3 Generator Compensator
6.5.7 VSC Linear Model
The block diagram shown in Figure 6-4 represents the system reflecting the LC filter
and transformer effects described in the previous section. The input to the model
shown in Figure 6-4 is the Inverter output voltage (VInv) as defined in the previous
section by equation (6.5). The inverter output voltage is used to generate the
current entering the primary of the transformer (ITp) which passes through the LC
filter by rearranging equation (6.1). Next, the voltage at the transformer primary
(VTp) is determined by utilizing equation (6.6). The current at the transformer
secondary (ITs) is formed from equation (6.3). Finally, the voltage at the transformer
secondary (VTs) is generated from equation (6.7).
6.5.8 Controller Dynamics
The controller is designed to respond to the dynamic nature of the power flow. The
controller is composed of two control loops (see Figure 6-5). The power references
define the desired real and reactive power to be delivered by the system.
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Figure 6-4 VSC Linear Block Diagram
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Figure 6-5 Grid Connection Control Loops

Figure 6-6 Block Diagram of Closed-Loop Current Control
6.5.8.1 Power Control Loop
The power control loop is used during grid connection operation and responds to
set point changes, mode changes and to certain load changes. The loop has a slow
response to the changes to manage the transition between modes and set point
changes so as not to cause sudden drastic changes in operation.
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6.5.8.2 Dynamic Control Loop
The dynamic control loop has a fast response to reference changes. The inner loop
is responsible for reacting to disturbances and to track the control reference
changes defined by the outer power control loop that responds to user set point
changes. The control loops for current control are shown in Figure 6-6.
6.5.9 Disturbance Compensation
The system must be designed to deal with disturbances to the system. One major
source of disturbances is the switching of the inverter. The LC filter located before
the step-up transformer is responsible for mitigating the switching noise. Another
method for disturbance rejection is through the controllers. As the speed of the
controller increases the ability to respond to disturbances is enhanced. The physical
implementation of the inverter introduces another complication to the controller
due to the fact that there is a variation in the electrical components between the
phases. This difference between phases must be accommodated by the controller.
6.5.10 Current Limitation
One of the benefits of a current control based model is that the system acts to
regulate the output current (power) to the desired reference. By placing a limitation
on the value of the current reference, the system can be constrained to ensure that
the inverter does not generate excessive current under fault conditions. Both the id
ref

and iq ref values are equipped with a limiting function. Typically, the limitation on

the current is between 0.8 and 1.2 pu.

6.6 Grid Connected Operation (Current Control) Model
The current control strategy is well suited for a grid connection application because
the VSC line current is closely regulated. During a microgrid fault the inverter does
not inject substantial fault current that can occur in other designs.

Another

advantage is the management of real and reactive power which can be controlled by
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phase angle and amplitude of the VSC line current with respect to the PCC voltage.
The current control strategy is also beneficial for generating high quality waveforms
and is well suited to bi-directional power flow for the integration of DC based
storage. The current control model has several advantages including: better safety,
better stability, and faster response to meet the control objectives.
The control system consists of both an outer and an inner control loop. The outer
loop provides stead-state reference tracking performance. The inner loop provides
fast dynamic compensation for disturbances brought on by sudden reference, load
or generation changes as well as providing better stability.

Feed-forward

compensation strategies can be incorporated to further improve system
performance [6.6].

Cross coupling in the controller provides the desired

performance and allows for a large variation in the transmission line characteristics
without significantly influencing the controller`s performance [6.15].
For current regulated PWM inverters, the modulation signal is determined from the
difference between the measured and the commanded inverter AC currents. The
output voltages are achieved by determining the proper reference signals for the
controller. A current control strategy is advantageous since the controller can
respond to rapid changes in load and reference set points [6.1]. The changes to
current do not result in significant transients in the output voltage.
A feed-forward/feed-back controller eliminates the steady-state error. A feedback
loop is added where the output voltages are measured and transformed into a
synchronous reference frame. A secondary feedback loop is added to decouple the d
and q axis [6.11].
6.6.1 Development of Grid Connected Model
The current control VSC illustrated in Figure 6-7 regulates the output current to
meet the desired reference currents determined by the reference generator (see
Section 6.9). The current controller is based on the VSC unified model presented in
[6.10].
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Figure 6-7 Grid Connected Model
Md and Mq represent the modulation of the inverter DC input which is used by the
VSC to generate the output ac power. The AC current inputs (Idq) are sensed values
of the inverter output current (feedback term). The controller is based on equations
(6.10) and (6.11). The current references (Idq ref) are generated by the power
regulator representing the current commanded to meet the desired real (P) and
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reactive (Q) power from the inverter. In the future, the filter capacitor voltage
(feedback term) can be improved by passing the signal through a feed forward filter.
The grid model in Figure 6-3 shows the compensation for the generator. The model
can be further enhanced by adding a feed-forward compensator. It is desirable to
provide a compensator to the d and q axis. The feed forward decoupling terms Vqff
and Vdff are used to isolate the dq-axis compensators from each other.
To improve the tracking capability of the current regulators, the cross-coupling
terms for d and q (ω Lf) were compensated for by adding feed forward signals (id ω
Lf) and (-iq ω Lf) to the outputs of the current regulators [6.7]. The dq decoupling
reduces the synchronous reference frame current control to a first-order delay
process and improves the tracking capability of the current regulators.
%++ = −M9/& 5 *+
&++ = M9/% 5 *+

(6.16)
(6.17)

6.6.2 dq Axis Compensator
The dq axis compensator is used to track the DC reference. A proportional-integral
(PI) compensator has been selected to implement the control operation.

The

compensator for each axis can be the same [6.16]:
M¡% H = M¡&H =

./ H + .M
H

(6.18)

where:
kp is the proportional gain, and
ki is the integral gain
The PI control is designed such that it will cancel the LC filter effects which can be
expressed by:

1
*+ H +  +
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Once the filter effects have been cancelled the remaining term is an integrator that
can be expressed as:

.
H

During initial simulation, work a switching carrier frequency of 4860 Hz was used.
To improve the performance of both the current and the voltage controllers, the
switching frequency was doubled. As a result, a switching carrier frequency of fc =
9720 Hz has been selected. It is desirable to set τi (the desired time constant) such
that 1/ τi « (10 x ωc) which typically requires τi to be from 0.5 to 5 msec. Choosing τi
= ωc / 8 the desired time constant becomes:

1
= 7634.070
M

(6.19)

M = 0.13099 IH-F

If the parameters kp and ki are selected as follows, the parameters can be defined in
terms of the desired time constant. The desired pole is at s = -R / L, so s = -ki / kp
which leads to the following closed-loop gains:

./ = *+

1

M

.M = +

.M +
=
./ *+

(6.20)

= (0.14 x 10-3)(7634.070) = 1.069

1

M

= (0.016)(7634.070) = 122.145

6.7 Island Operation (Voltage Control) Model
The control objective during an island operation is to regulate the amplitude and
frequency of the load voltage (Vs -abc) in the presence of disturbances from the DC
source or load current (Is-abc). The frequency (ω) is utilized in the abc-dq and dq-abc
transformations. An external control function is responsible for the management of
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the reference frequency. The control operation during the island operation utilizes
a feed-forward and decoupling strategy to reduce the impact of the load on the
stability and performance of the system. The amplitude of the inverter output
voltage/load voltage (Vs) is defined as:
=
H

EH % + EH &

(6.21)

By setting vsq = 0, then the magnitude of Vs can be approximated by vsd. Since in the
grid connected mode, the current control model utilizes the dq-frame of reference it
is desirable to utilize a similar structure for the island operation. Similarly, the
control of Vsd and Vsq can be regulated through the control of id ref and iq ref.

Figure 6-8 Simplified Island Network

Figure 6-9 Block Diagram for Closed-Loop Voltage Control
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For island operation, the grid current is set to zero and all of the output current is
absorbed by the local load. The simplified grid connection shown in Figure 6-2 is
revised as in Figure 6-8 as the island representation of the system. The controller
dynamics can be expressed in terms of two voltage control loops as shown in Figure
6-9.
6.7.1 Model Analysis
From an analysis of the simplified island network with igrid = 0 (where is = iload, Vc =
Vs, VInv = Vt, and iInv = it):
MH = M"DE + M+F

(6.22)

The load voltage can be expressed for each phase as:
3[+

3[+

3[+

%HC
= M"DE a − MH a
%0

(6.23)

%H
= M"DE  − MH 
%0
%HF
= M"DE F − MH F
%0

In the dq frame, it can be shown that the local voltage can be represented as:
3[+

3[+

%H%
= [+ EH& + M"DE % − MH%
%0

%H&
= −[+ EH% + M"DE & − MH&
%0

(6.24)

(6.25)

The equations above show that vsd and vsq are coupled. A control structure is
required that can provide decoupling and manage the dynamic nature of the load. A
feed-forward compensation technique [6.16] can be used to decouple vs-dq.
Similarly, the output current idq can use a decoupling feed-forward compensator so
that the system can operate under various load conditions (where iLd = id and iLq =
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iq). With the two new control inputs (ud, uq), as seen in Figure 6-9, the reference
currents can be expressed by:
M%,-+ = J% + [+  EH& + M%
M&,-+ = J& − [+  EH% + M&

(6.26)
(6.27)

Based on these equations, the output dynamic can be reduced to a transfer function
of 1/(Cf s).
6.7.2 Development of Island Model
The Voltage Controlled VSC is shown in Figure 6-10 regulates the output current to
meet the desired reference voltage determined by the reference generator (see
Section 6.5). It is desirable to have the current controller match closely with the
controller used in the grid connected control algorithm.
where:
Vt – Inverter terminal voltage
Vdq – VSC output voltage
Idq – VSC output current
6.7.3 Voltage Controller
The Voltage Controller (see Figure 6-10) generates a reference current based on the
input voltage references and the feedback from the voltage and current output from
the inverter. The objective is to regulate the output voltage to match the reference
levels. The output current reference is used by the next step in the VSC which is a
current regulation stage [6.1] that is the same as the control structure used in the
grid connected operation.
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Figure 6-10 Island Voltage Control Model
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6.7.3.1 Voltage dq Axis Compensation
The same compensator will be used for both axes. The PI compensator used for
regulating the voltage to the desired reference can be expressed as:
E¡%H = E¡&H = E.H = .

where:

H+
H

(6.28)

k is the compensator gain
z is the compensator zero
The time constant τi that was determined for the current controller is also used for
the voltage controller such that the control system has two poles:
H=0
H = −/ =

−1
M

1
= 7634.070
M

1 − M 

I = sin 1 +  
M
/
 − 1

sin I = /
  + 1

/
/
sin I  + 1 = − 1


− =

/ sin I − /
1 + sin I

(6.29)

(6.30)

(6.31)

(6.32)

If the gain crossover frequency ωc is chosen as ωm, than δm becomes the phase
margin so that k can be determined for ωm = ωc :
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. = 3 [+  F
F =

/

(6.33)
(6.34)

The value for δm should be chosen between 30° and 75°, hence s = - ωc and δm = 53°.
At the grid frequency of ωo = 377 rad/s and with the filter capacitor of Cf = 135e-6 F
equation (6.32) can be used to determine z, equation (6.34) to determine ωc and
equation (6.33) to determine k:
 = 854.665

F = 2554.324
. = 1.0345

6.7.3.2 Decoupling of Feed-forward Voltage
Initially, the coupling between Vsd and Vsq must be accounted for using feed-forward
compensation similar to the decoupling used in the current controlled VSC but using
the filter capacitance of Cf ω resulting in Idff and Iqff shown in Figure 6-10 [6.7].
"%++ = −[+  H&
"&++ = +[+  H%

(6.35)
(6.36)

6.7.4 Current Controller
It is desirable to have the similar current controller for the island and grid
connected control algorithms. The current controller includes the current limiters
to provide some protection for the inverter from generating excessive output
current.
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6.8 Microgrid Dual Mode Controller
The dual mode controller is the full microgrid control implementation that can
operate in both island and grid connected modes. Within the dual mode controller,
the Supervisory Controller (see Section 7.1), PWM and Power System blocks
perform the same function regardless of the control mode as shown in Figure 6-11.
The Synchronize operation is described in Section 5.3 and the Dynamic Controller is
described in Section 7.6. These functions assume different behaviour depending on
the setting of the control mode.

Additional details on the functioning of the

Reference Generator can be found in Section 6.9.

The Dynamic Controller is

composed of the Grid Connected Controller described in Section 6.6 and the Island
Controller described in Section 6.7.

Figure 6-11 Microgrid Dual Mode Controller
6.8.1 Control Signal Transformation
The sensors used to measure the inverter currents and voltages are described in
Appendix F.

The control signals undergo an abc-dq transformation to be used

within the controller. The inverter output voltages for each phase (va, vb, vc) are
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measured at the point labeled ‘B’ (where VS is equivalent to VC) as shown in Figure
6-2. The inverter output currents (ia, ib, ic) are measured at the point labeled IS. The
transformer primary side voltages and currents are also measured at the point
labeled A in Figure 6-2.
required.

For the transformation process, a reference angle is

The synchronization operation provides the reference signals with

consideration of the control mode. The modulation signals (ma, mb, mc) are the abc
transformation (from the dq frame) of md and mq which are generated by the
controller.

Figure 6-12 Dynamic Controller
6.8.2 Dynamic Controller
The dynamic controller consists of two independent control algorithms that are
active depending on the Control Mode as seen in Figure 6-12. While in the grid
connected mode of operation, the majority of the system-level dynamics are
dictated by the grid due to the relatively small size of the microgrid. While in island
operation, the system dynamics are dominated by the micro-sources, the power
regulation control and the local load.
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6.9 Control System Reference Generation
The reference signals used by the dual mode controller are different depending on
the active mode of operation. In grid connected mode, the controller is operating in
current control mode and requires an input of the desired power (Pref, Qref) to
calculate the desired reference currents (Ipdref, Ipqref). While in island mode, the
controller is operating in voltage control mode and requires an input of the desired
voltage reference (Vpdref, Vpqref) and the reference frequency (ωref). The operation of
the grid connected current controller can be found in Section 6.6.
6.9.1 Reference Currents
With the assumption that both ipd and ipq can quickly follow their corresponding
reference signals (ipdref, ipqref), it follows that the power (P, Q) similarly follows the
desired power reference (Pref, Qref). Therefore, the output current (ipdq) can be
expressed with respect to the output power when Vpq = 0 as:
2
M/% =
!
3 E/%

−2
M/& =
#
3 E/%

(6.37)

(6.38)

When a PLL is in steady state Vpq = 0, which shows the real and reactive power
components are proportional to id and iq. The power equations from Appendix A
can be simplified to:
!=

3
E M
2 /% /%

#= −

3
E M
2 /% /&

(6.39)

(6.40)

To consider fully the real and reactive power references the corresponding
reference currents can be found [6.15]:
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%-B0C = E/% + E/&

2 !,-+ E/% − Q,-+ E/& 
M/% ,-+ =
3
%-B0C
2 !,-+ E/& + Q,-+ E/%
M/& ,-+ =
3
%-B0C

(6.41)

(6.42)

(6.43)

With the assumption that the system performs well and quickly to track the
references, the following substitutions can be made: idref for id, iqref for iq, Pref for P
and Qref for Q for the dq power equations from Appendix A. As well, vpd can be
treated as a DC variable in steady state. The resulting reference currents can be
determined in terms of the commanded reference power delivered by the inverter
as shown in Figure 6-7 giving the reference current as:
2
M/% ,-+ =
!
3 E/% ,-+

−2
M/& ,-+ =
#
3 E/% ,-+

(6.44)

(6.45)

6.9.2 References for Island Operation
The basic idea for the generation of island operation references is to recreate the
behavior of a synchronous generator driven by a turbine regulated through a speed
governor. The governor reacts to changes in frequency. A decrease in frequency
results in an increase in real power production. An exciter on the synchronous
generator is used for voltage regulation. A decrease in voltage amplitude results in a
reactive power increase. For voltage control, a dq frame rotating at ω speed is
orientated such that the d-axis is aligned with the grid voltage vector. The output power
from the inverter is required to follow the load for a fixed voltage level. Within the
Island Voltage Control VSC (see Section 6.7), the controller generates a desired
current (idref and iqref). While in island operation, the frequency is fixed except
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during the re-synchronization period when transitioning from island operation back
to grid connected operation is occurring.
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7 TRANSITION BETWEEN MODES OF
OPERATION
One of the main difficulties of operating a dual state controller is the management of
the transitions between connection states and controller modes of operation. In
addition, control modes can also be affected by changes in control parameters and
other operator actions.

The principle concern is the transition from island

operation to grid connected operation. In order to reconnect to the grid, the island
system must meet strict voltage, frequency and phase requirements before the
protection system will permit the island system to reconnect with the grid. As well,
reference signals used by the island and grid connected controllers are different.
Finally, the control algorithms themselves face the challenge of how one controller’s
independent actions interact with the other controller since the algorithms in each
controller are attempting to control the system to meet their independent control
objectives.

7.1 Supervisory Controller Overview
The Supervisory Controller shown in Figure 7-1 generates the reference signals to
determine how much real and reactive power the inverter should be generated. The
Supervisory Controller also determines the control mode that will influence the
Supervisor Reference Generation and the remainder of the controllers that include
the real-time components: Dual Mode Controller, Dynamic Controller and
Synchronize.
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7.1.1 Supervisor External Interfaces
7.1.1.1 Operator User Interface
The user interface (UI) provides the operator with feedback on the operation of the
system and the ability to select the operating mode and adjust system and mode
parameters (set points). The user interface is shown in Section 10.7.
7.1.1.2 Connection Information
The Interconnection Rack (PCC) provides an indication of the status of the grid
connection. The connection state is determined by the logical operation considering
each of the status indicators. The Intertie Relay is a stand-alone function that
signals the islanding detection information to the Supervisory Controller though the
PCC.

Figure 7-1 Supervisory Controller
7.1.1.3 Load
The Supervisory Reference generation requires knowledge of the current load
power to determine the power references in some of the modes of operation.
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7.1.1.4 Parameter Validation
The user can specify operational parameters that are used in control modes. The
State Monitor will only transition into control modes if the user defined control
parameters are valid.
7.1.1.5 Fault Detection
The fault detection mechanism is a supervisory level protection system used to
monitor the inverter operation. If the inverter is operating beyond its operational
limits the fault detection system will force the controller into a faulted state and will
stop the operation of the inverter.

Figure 7-2 Supervisory Reference Generation
7.1.2 Supervisory Reference Generation
The Supervisor function is a high level control function that uses operational
settings to determine the amount of power desired from the grid. The supervisor
generates the reference signals (Pref and Qref) shown in Figure 7-2 to determine the
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reference signals the Dynamic Controller will be required to achieve.

The

supervisor is separated from the dynamic controller since it is working to achieve
different goals at a ‘higher’ level such as peak shaving.
7.1.2.1 State Monitor
The State Monitor generates the Connection State (Grid Connected or Island) based
on the Connection Information provided by the Interconnection Rack.

The

connection state is a ‘logical AND’ of the status information for the devices
governing the physical connection at the PCC (auxiliary status indicators for the
contactor, isolator and each breaker). The State Monitor provides the structure to
govern the actions to be taken on a connection state transition and the rules around
the control mode changes. The details of the State Monitor are provided in the
following sections.
7.1.2.2 Power Calculator
The supervisory reference generation sub-system requires the current power
output from the inverter and the power consumed by the load.

The Power

Calculator block uses the sensed output voltage and current to calculate the actual
three-phase power produced by the inverter (PDG, QDG) and consumed by the load
(PLoad, QLoad).
Table 7-1 Control Mode Parameters
Parameter
Maximum Generation
Peak Load Level
Export Level

Load
Following
√

Curtailment
√

Peak
Shaving
√
√

Export
√
√

7.1.3 Control Mode Parameters
The different control modes require operating parameters to achieve the control
objectives for the modes (Table 7-1). No parameters are required for the Idle Mode.
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7.1.3.1 Maximum Generation
The maximum generation parameter is used to constrain the operation of the
supervisory system to limit the maximum amount of power that can be generated
by the fuel cell and is specified in kVA.
7.1.3.2 Peak Load Level
The Peak Load Level parameter is user defined as the point at which the inverter
system is defined to operate when the local load exceeds this point. The parameter
is specified in kW and kvar.
7.1.3.3 Export Level
The Export Level parameter (kW and kvar) is user defined as the amount of power
the inverter system is to attempt to deliver to the grid. The export value cannot
exceed the maximum generation parameter. The inverter will also attempt to
provide power for the local load in addition to the export amount. The total amount
of power generation will not exceed the maximum generation parameter.

7.2 Operating Mode Transitions
The transition between modes of operation is designed using a finite state machine.
Each mode is assigned a state and each transition between states is defined. This
approach allows for a detailed analysis of the validity of each transition as well as
under what conditions a state change can occur. As well, the activities that are
performed in each of the modes (states) can be defined. In addition to the modes
introduced in the previous section, new states have been added to assist in the
testing and operation of the finite state machine.
7.2.1 System Start-up
The start-up of the Dual Mode Controller requires special consideration with
regards to the generation of the internal reference signals. The system must be able
to start operation without the presence of the grid which is termed ‘Black Start’ as
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shown in Figure 7-3. This preliminary operational mode must initialize the system
with an internally generated reference. The black start internal reference is used
until the islanding process has begun to operate and has reached a valid steadystate (frequency within defined limits). Once the island controller generates a valid
voltage reference, the system transitions from using the black start reference to use
the island reference. If the grid connection becomes engaged while in black start,
the system will transition to the grid connection operation and use the grid as the
reference source. If the grid is present but not connected, once the island controller
becomes active, the system will utilize the tracking algorithm to bring the island
references to be within the tolerances of the grid values to allow the grid connection
to be engaged. The system can be forced to the Black Start mode from the Idle and
Open Loop modes. This will force a system restart for testing purposes.

Figure 7-3 System Startup - Black Start
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7.2.2 Support States
The support states represent modes of operation that are used during the test of the
system. The states also provide a state transition that is required when other modes
encounter problems. Both the Idle and Fault modes place the inverter into a ‘safe’
operating mode. The transitions from the Idle, Fault and Open Loop states are
illustrated in Figure 7-4.
7.2.2.1 Idle
The Idle state places the inverter into a ‘safe’ operating mode such that no power
will be transferred to the AC bus. The Idle state is also useful as an interim state that
must be used to transition into the special states of Forced Island, Open Loop and
Black Start.
7.2.2.2 Fault
The Fault state is a special mode that the controller enters when a fault condition is
detected by the system or an erroneous state transition is attempted. The inverter
is placed in a ‘safe’ mode and will remain in this state until the operator places the
system back into the Idle state.
7.2.2.3 Open-Loop
The Open-Loop state is used during testing of the system which enables the open
loop controller. The system will remain in this state until the operator places the
system into the Idle state.
7.2.3 Island
The Island states support the operation of the microgrid independent of the main
utility. The Load Following and Forced Island states are illustrated in Figure 7-4.
7.2.3.1 Load Following
The Load Following state becomes active when the grid connection is lost. The
Islanding (Voltage Control) Controller becomes active in this mode. The system will
transition to a grid connected state when the grid connection is re-established.
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Figure 7-4 Idle & Load Following State Chart
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7.2.3.2 Forced Island
The Forced Island state is a special form of islanding control. The controller that
operates is the same as the load following mode. The forced islanding option allows
the operator to place the controller into the islanding operation regardless of the
connection state.

The forced island state will only become active when the

controller receives feedback that the PCC has been placed into a forced island. The
only valid transition is back to the Idle state (or Fault).
7.2.4 Grid Connected
The microgrid becomes a ‘power producer’ when connected to the grid. The grid
connected modes (Grid Idle, Curtailment, Peak Shaving and Export) are illustrated
in Figure 7-5. These modes are only valid when the microgrid is connected to the
grid.
7.2.4.1 Grid Idle
The Grid Idle state is used as the transition state from an island operation to a grid
connected operation. During the transition period, the microgrid transitions from
full load support to minimal load support. The grid idle state also provides a default
state when no other grid connected mode has been selected. The controller will not
deliver any power to the AC bus while in this mode.
7.2.4.2 Curtailment
The operator must enable the curtailment operation using the supervisory user
interface. When the curtailment state is disabled the system returns to the Grid Idle
state. It is possible for the operator to choose to switch to another grid connected
mode.
7.2.4.3 Peak Shaving
The operator must enable the peak shaving operation using the supervisory user
interface. The operator must specify a valid peak shaving limit from the user
interface. Otherwise, the system remains in the idle state. When the peak shaving
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state is disabled, the system returns to the Grid Idle state. It is possible for the
operator to choose to switch to another grid connected mode.

Figure 7-5 Grid Connected Modes State Chart
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7.2.4.4 Export
The operator must enable the export operation using the supervisory user interface.
The operator must specify a valid export power amount from the user interface.
The export amount must be greater than zero but less than the available generation.
If an invalid export level is entered, the system remains in the idle state. When the
export state is disabled, the system returns to the Grid Idle state. It is possible for
the operator to choose to switch to another grid connected mode.
7.2.5 Shutdown
The shutdown operation requires placing the controller in a state that will stop
power flow through the inverter. This state is equivalent to the idle state with the
additional requirement that the pulses being sent to the switch are stopped. The
operator interface provides a “Pulse Disable” function which will stop pulses and
places the switch into a safe state.
7.2.6 Restart
The controller can be restarted from a cold state by forcing the system back to its
Black Start operation. The restart function can only be initiated when in Idle and
Open Loop modes.

7.3 System Disturbances
The system controllers can be influenced by different sources of disturbances. One
of the most drastic operation change that will cause a disturbance is the opening or
closing of the point of connection between the microgrid and the grid. As well load
changes and changes to operating modes or set point changes used by the different
operating modes will introduce disturbances into the system.

144
7.3.1 Connection Status Changes
The controllers will attempt to mitigate the disturbance introduced by the change of
the connection status. The transients introduced by the mechanical opening or
closing of a switch cannot be easily accommodated. When the connection status
changes the system output will suddenly change.

In a transition from grid

connection to an island, the system will suddenly need to provide full load support.
In a transition from island to grid connected, the system will suddenly change from
providing full support for the load to providing no support.
The most important control aspect is with regards to maintaining synchronization
with the grid so that reconnecting can occur in phase. Out of phase reclosing will
introduce a large disturbance into the system. This is discussed in more detail in
Chapter 5. In addition to synchronization, a change in connection status will also
involve a switching between two different control strategies. In the grid connected
mode the control strategy is current control. In island mode the control strategy is
voltage control.

Both controllers are operating simultaneously.

The control

algorithms need to consider the impact of having both controllers running at the
same time.
7.3.2 Load Changes
In an islanding operation, a change in load will result in a change in frequency
(phase) and voltage of the microgrid. The island controller is responsible for
regulating the voltage level and to maintain the frequency. In grid connected
operation, a change in the load will impact the power output from the system. The
load current (ILoad) will be used to determine changes to the output power
references that dictate the operation of the current controller.
7.3.3 Grid Connected Mode Changes
When operating in grid connected mode, the system operating mode can change (i.e.
from peak shaving to curtailment). The impact of a mode change may result in a
sudden change in the output power references. This new power level is determined
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from the mode set points and the load current. Output power can also change
because of a sudden change in the mode set point (i.e. a change to the peak shaving
level set point).

7.4 Grid Connection Transition Power Flow
The transition from island operation to grid connected operation requires
consideration of power flow. Before the connection is made, the microgrid is
providing full support for the load. After the connection is made, the microgrid goes
to zero support for the load and the grid takes on providing power to the load. This
is a sudden change that can cause large currents to flow. The microgrid also
changes its active controller during the transition from voltage regulation to current
control. A strategy is required to ensure a smooth transition in the face of possible
transients due to switching and mode changes. The grid connected idle controller is
responsible for providing the references to the current controller during the grid
connection transition. At the time of the change over the grid connected idle
controller sets the power references to be close to but less than the current load
power. The reference is chosen to be 90% of load. The remaining 10% will be
provided by the grid. The grid idle controller than slowly reduces the power
references to 5% of the load with the grid taking over load support as the microgrid
is gradually reduced.

7.5 Control Modes
The possible control modes are: Load Following, Curtailment, Peak Shaving, Export
and Idle. The Curtailment, Peak Shaving and Export modes are only valid when the
system is connected to the grid [7.1]. Five additional states are also supported:
Open Loop, Black Start, Idle, Forced Island and Fault.
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7.5.1 Load Following
In Load Following (Islanded) mode, there is no grid available. The local generation
source must provide the power required by the load such that PRef = PLoad. In the
example shown in Figure 7-6, the system operates in Load Following Mode between
t1 and t2 and in Peak Shaving Mode before t1 and after t2. The example also shows
that the local generation is only capable of producing to the Maximum Generation
level. When the load exceeds the maximum generation, a load shedding strategy
must be employed to reduce the local load.
7.5.2 Curtailment
Curtailment operation is valid for a defined time interval when the local generation
is required to supply energy for the local load attempting to eliminate the amount of
power required from the grid. In Curtailment Mode, a connection to the utility is
present. The motivation for supporting this mode is that some utilities offer a price
discount if a customer can remove all load during a specified interval of time.
Penalties are incurred if the customer does not remove itself from the grid at the
time specified and stay disconnected for the required duration.
In the example shown in Figure 7-7, the microgrid is requested to remove itself from
the grid between t1 and t2.

The local generation operates between t1 and t2

producing to its maximum generation level.

The load beyond the maximum

generation level between t1 and t2 is provided by the utility supply.
7.5.3 Peak Shaving
Peak Shaving operation specifies that the amount of power consumed by a customer
from the grid is set to a fixed maximum such that any additional load above the
maximum is supplied by the local generation source. In a Peak Shaving Mode, a
connection to the utility is present. The Peak Shaving objective is to minimize
demand charges for a customer by reducing the peak load experienced by the utility.
Failure to peak shave on one day can have severe economic consequences in cases
where a customer’s rate is based on monthly peak demand.
application reliability becomes a key consideration.

In this type of
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In the example shown in Figure 7-8 the local generation operates between t1 and t2
when the load (PLoad) rises above the specified Peak Load (Ppeak). The remainder of
the load is supplied by the utility.
7.5.4 Export
Export operation is valid for a defined time interval such that the local generation is
operated at a specified generation capacity to deliver a desired surplus generation
(after satisfying the local load) to the grid. In Export Mode, a connection to the
utility is present. The Export objective is to send a fixed amount of power to the
grid. In the example shown in Figure 7-9, the system is required to export a
specified amount of power between t1 and t2. Before t1 and after t2 the system
operates in Peak Shaving Mode in this example. At time t1 the local generation
begins operating to supply the local load and to produce a surplus of power to
provide the desired export amount to the grid. As the local generation increases the
amount of surplus power requested to export may decrease. The total amount of
generation available limits the power produced by the microgrid.
7.5.5 Idle
Idle Mode is valid regardless of the connection state. The Idle objective is to force
the output from the system to zero. No output current is produced. All of the power
required for the local load must be provided by the grid. If the grid is not available
in the idle mode, the local load is starved of power because no local generation is
available.
7.5.6 Open-Loop
The Open-Loop Mode is a special testing mode used during the validation of the
simulation model and experimental facilities. No feedback controls are in place so
the inverter output voltage and frequency are manually regulated.
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Figure 7-6 Load Following Example

Figure 7-7 Curtailment Example

Figure 7-8 Peak Shaving Example

Figure 7-9 Export Example
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7.5.7 Forced Island
The Forced Island Mode is a special testing mode used to test the islanding
operation of the inverter. In this mode, the system is kept in an islanded state as
long as the microgrid remains isolated from the grid.
7.5.8 Fault
The Fault Mode is a special mode that is utilized when the system detects abnormal
behaviour, such as an improper state transition or an un-supported state. The
inverter is placed into a ‘safe’ mode such that no power is to be delivered by the
inverter.
7.5.9 Black Start
The Black Start Mode is the initial mode that the system takes on start-up. This
mode is necessary because at system start-up it is not possible to immediately begin
operation of either the Voltage Controller or the Current Controller. The black start
mode is responsible for placing the system into a known good operating condition
(similar function to islanded operation) and to activate either the voltage or the
current controllers as soon as possible based on the system conditions at the end of
the black start time interval.

7.6 Dynamic Controller
The Dynamic Controller is responsible for the activation of the correct controller
based on current operating conditions. The Dynamic Controller operates with four
controllers operating simultaneously as illustrated in Figure 7-10. The design of the
specific mode controllers are detailed in the Chapter 6.
7.6.1 Controller Selection
The controller selection is based on the active control mode. The Open-Loop and
Idle controllers operate independently of all inputs and can be activated at any time.
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The Island controller is activated when the connection state changes to “Island” to
regulate the voltage and the frequency. The Grid Connection controller is activated
when the connection state changes to “Grid Connected” and to regulate the current
through the inverter.

Figure 7-10 Dynamic Controller
7.6.2 Controller Activation
As discussed previously, the transition between modes is of special concern. One
specific concern is the operation of the PI controllers within the island and grid
connection algorithms. When the connection state changes, it is desired for the PI
controllers in each algorithm to be reset. This forces the PI to operate in a ‘clean’
state with no residual influence of the previous mode of operation.

7.7 References
[7.1]

J. Barton, D. Infield, Energy Storage and Its Use With Intermittent Renewable
Energy, IEEE Trans. on Energy Conversion, Vol. 19, No. 2, June 2004, pp.
441-448

151

8 MICROGRID SIMULATION MODELS
The approach to building the simulation model is to construct the components of
the system separately and integrate the working models into the full system model.
The full simulation is composed of the following components: Phase Locked Loop,
Power Electronic Interface (Open-Loop Model), Fuel Cell Power Source, Current
Controller, Voltage Controller, Supervisory Controller, Frequency Tracking and
Black Start including Synchronization. The models are evaluated individually as
well as collectively to meet the defined control objectives.

8.1 AC & DC Sources
The operation of the microgrid relies on two energy sources: the grid (AC) and the
fuel cell power module (DC). The AC source (grid) can act as both a source and a
sink of power. The DC source only operates as a source. Two different DC sources
are utilized for experimentation. One source is a complete fuel cell electric model
closely following the characteristics of the Nexa Fuel Cell Power Module. The other
source is a simplified DC source that represents an idealized fuel cell.
8.1.1 Grid
The simulation of the grid source utilizes an existing simulation block available from
SimPowerSystems block set. The grid source is 208 VL-L at 60 Hz with a phase of 90
degrees. The block settings are listed in Appendix H.
8.1.2 Nexa Fuel Cell Module
The Nexa Fuel Cell Module is modeled in SimPowerSystems in two different forms:
an electric model, and an idealized model. A complete analysis of the fuel cell can be
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found in Chapter 4. The Nexa Fuel Cell power module model is an electric model
(shown in Figure 8-1) which generates an output that closely follows the behavior of
the Nexa FC power module. The ideal fuel cell model (Figure 8-2) is utilized when
the characteristic of the DC source is not critical and a simple DC model is
acceptable.

Figure 8-1 Fuel Cell Source

Figure 8-2 Ideal Source

A comparison between the ideal fuel cell model and the electric fuel cell model can
be found in Chapter 4. The electric model for the fuel cell and the ideal fuel cell are
compared to experimental operational data from a laboratory Nexa Fuel Cell
Module. The models are shown to be good approximations of the real source.

8.2 Open-Loop
The first control model developed is an open loop model used to validate the
common components which are used by all models as shown in Figure 8-3. In the
development of the controllers, a library of common components has been
developed from the SimPowerSystems blocks to implement the power electronics
and sensor systems. The results using the open-loop model are compared to the
laboratory equipment in Figure 8-4. The simulated open-loop voltage waveform
closely matches the experimental results.

The simulated components are

constructed by closely matching the physical equipment available in the Distributed
Generation Laboratory. The common components are used to validate the control
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model and are detailed in Appendix H.

The load breaker is introduced for

simulation purposes and is not present in the laboratory setup.

Figure 8-3 Microgrid Power System with an Open-Loop Controller

8.3 Frequency Reference Generation
A fundamental element that is used by all sub-systems is the frequency generation
block which depends on a phase locked loop (PLL). It was found that many of the
existing blocks available from SimPowerSystems do not have function blocks that
match the theoretical model developed in Chapters 5 and 6. As a result these basic
functions have to be constructed from first principles.

These functions are

described in detail in Appendix A.
The fundamental library functions that have been developed include:
-

abc to alpha-beta (α-β);

-

alpha-beta to dq / dq to alpha-beta;

-

dq to abc; and

-

Phase Shifter.
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(a) Open-Loop Simulation Results, 450 W, Modulation Index = 0.685

(b) Open-Loop Results Experimental Inverter, Load = 450 W, Modulation Index = 0.785

Figure 8-4 Comparison Between Simulation and Laboratory Inverter under
Open-Loop Control
The frequency plays an important role in the operation of the microgrid. The PLL
operation utilizes the transformation functions listed above which are constructed
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to be ‘cosine’ to be consistent with the power system equations shown in Appendix
A. The synchronization operation utilizing the dq-PLL as discussed in Chapter 5.
The basic operation of the PLL is shown in Figure 8-5. The PLL is applied to each of
the sources used in the synchronization algorithm: Independent Source (Black
Start), Grid (Tracking and Grid Connected) and Primary (Island). The PLL operation
from start-up to steady state is shown for a constant load of 150 W. The frequency
extracted from the sensors reaches the expected value of 377 rad/s and the
synchronization signal (ωt) has the shape of a ramp function with a period of 2π.

(a) ωt Reference Signal

(b) Frequency Reference Signal (rad/s)

(c) Voltage Reference Signal

Figure 8-5 Simulated Synchronization References from Each Sync Source
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8.4 Current Controller
The Current Controller replaces the open loop implementation with a closed loop
controller that regulates the inverter output current produced by the DC source
following the defined power references. The current controller shown in Figure 8-6
consists of a transformation block (abc to dq), reference generation (PQ reference to
Ipd and Ipq reference), the controller algorithm and the PWM block which generates
the modulation signal. The current controller implements the algorithm described
in Section 6.6.
The grid connected operation tests validates that the microgrid delivers the
requested power when connected to the main grid at the point of common coupling.
In the grid connected mode, the grid provides the reference signals so the controller
follows the grid voltage and frequency. In this operation mode, both the local
generator and the grid can provide power to the local load. The current controller
utilizes the components that have been validated in the Open-Loop Model tests.

Figure 8-6 Current Control System
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Figure 8-7 Transformer Primary to Secondary Voltage Phase Shift

Figure 8-8 Comparison of Primary to Secondary Voltage and Current
8.4.1 Primary Current Control
The current controller works to follow the calculated reference primary current (Ip
dq ref)

determined from the specified inverter output power reference for both the

real power (Pref) and the reactive power (Qref). The controller is implemented to
control the current on the primary side of the transformer. This avoids issues
related to the 30° phase shift introduced by the delta-wye connection in transformer
as shown in Figure 8-7. The disadvantage is that the sensed current and voltage are
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before the filter and contain increased noise. The synchronization information (ωt)
is extracted from the primary voltage using a three phase PLL.

Figure 8-9 Current Control Real Power (W) and Reactive Power (var)
8.4.2 Primary Current References
The synchronizing reference is relative to the primary line-to-neutral voltage
extracted using a three phase PLL.

The primary voltage and current are

transformed to the d-q reference frame using the synchronization signal ωt. The
desired output power (Pref, Qref) are re-factored in terms of Id

ref

and Iq

ref

(commanded output power) on the primary side. The actual output power seen at
the secondary side is shown to be less than the desired power levels illustrated in
Figure 8-9.
8.4.3 Current Reference Tracking Performance
The current controller generates the modulation signal such that the inverter can
produce an output primary current that follows the supplied primary current
references. The simulation results are showed in Figure 8-10, where the algorithm
tracks the reference currents following both Id ref and Iq ref.
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Figure 8-10 Primary Current Reference Tracking

8.5 Voltage Controller
The island mode of operation requires voltage regulation as previously described in
Section 6.7. The main blocks of the control as shown in Figure 8-11 are: the Primary
Transformation, Independent Reference, Voltage Regulator, Current Controller and
PWM. The system regulates the voltage at the transformer primary side. Without
the grid, the frequency (phase) may drift as load changes but ideally will stay within
the grid tolerances.
The results of island operation validate the voltage controller that is active when the
microgrid has formed an island. In this situation, the grid cannot provide any
reference signals so the controller must follow a locally generated reference the
voltage and frequency. The voltage controller utilizes components that have been
validated in the Open-Loop Model tests.
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Figure 8-11 Voltage Control System

Figure 8-12 Frequency and Voltage Regulation by the Voltage Controller
8.5.1 Independent Reference Generation
The voltage regulation operation requires both a reference voltage (dq reference
frame) and a reference frequency. The independent reference generation function
produces the voltage and frequency references from an internally generated
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sinusoidal waveform that has a magnitude equivalent to the primary side voltage of
the inverter as seen in Figure 8-12. The PLL functions described in Section 5.2 are
utilized to generate the reference signals.
8.5.2 Voltage Regulator
The voltage regulator implements the voltage regulation algorithm described in
Section 6.9 to produce the current references. The current references generated by
the voltage controller are utilized by the current controller. A PI controller is used
to regulate the measured primary voltage to match the voltage reference.
8.5.3 Current Controller
The current controller used in the voltage controller is identical to the controller
described in the Section 8.4.

Figure 8-13 Primary Voltage Reference Tracking
8.5.4 Voltage Reference Tracking Performance
The objective of the voltage controller is to maintain the primary side voltage at the
desired reference level. During the examination of the secondary side voltage, the
regulation for the stepped up voltage is not a perfect match to the desired grid levels
due to the effects of the transformer. The transformer introduces a phase shift and
losses due to non-idealities.
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Table 8-1 Connection State Constants
Connection State
1
0

Description
Island
Grid Connected

Table 8-2 Control Mode Enumerated Type
Control Mode
0
1
2
3
4
5
6
7
8
9

Description
Fault
Idle
Open-Loop
Island
Peak Shaving
Curtailment
Export
Grid Idle
Force Islanding
Black Start

8.6 Supervisory Controller
The Supervisory Controller implements the control logic to manage the transitions
related to changes in the grid connection status.

The State Monitor in the

Supervisory Controller implements a Finite State Machine (FSM) controlling the
transitions between the operating states. The State Monitor subsystem models the
interface with the PCC. The “Connection Information” data represents the status of
the equipment that determines the state of the connection. The control modes
(listed in Table 8-2) are described in detail in Section 7.2. If the connection state is
determined to be “Island” than the control mode is switched to Load Following. The
connection state (defined in Table 8-1) is set to be “Grid Connected” only if all of the
elements of the connection (Intertie/Contactor, Inverter Breaker, Load Breaker, and
Grid Breaker) are closed.
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Figure 8-14 State Island Transition Testing
8.6.1 State Monitor
The state monitor subsystem provides an interface between the Simulink
environment and the StateFlow environment. The interface represents the data and
events passed into the finite state machine and data that is passed out of the state
machine. The data can be from inputs to the state monitor subsystem or from
simulation data storage elements. The key task of the state machine is to control
access to the data stores (coordination of the timing of data store reads and writes).
Figure 8-14 illustrates the testing that was completed on the finite state machine. In
this example, all transitions to and from the island state (Mode = 3) are tested. The
implementation of the state monitor is shown in Figure 8-15.
8.6.2 Mode Transition Logic
The mode transition logic seen in Figure 8-16 represents the state machine
implementation of the State Monitor using the State Flow tools. The system is
represented by two principal states known as Tick and Tock which implement the
same state logic. The state transitions occur based on the events from the Simulink
environment. On the entry to each state (simulink event), a series of scripts are
executed to determine the outputs that are generated and passed back to the
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Simulink environment. The state flow is an implementation of the state charts
developed in Section 7.2.

Figure 8-15 State Monitor
8.6.3 Supervisory Testing
The supervisory controller is concerned with the following actions: start-up of the
system, grid connection status, user control interactions and control mode
transitions. The actions that can trigger state transitions are the focus of the tests.
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Figure 8-16 Finite State Machine Implementation (State Flow)

8.7 System Start-up and Synchronization
The operation of the microgrid controller is dependent on a critical reference signal
which is the microgrid operating frequency.

The source of the frequency is
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dependent on the mode of operation of the microgrid and the related grid
connection state.

A special case that needs consideration with respect to

synchronization is system start-up also known as “Black Start”. Another special
state is the transition from islanded operation to grid connection operation. During
this transition, the system frequency reference is adjusted from an independent
reference to a reference that tracks with the grid frequency. The synchronization
function is illustrated in Figure 8-17. Additional details on the synchronization
operation can be found in Section 5.3.

Figure 8-17 Frequency Generation
8.7.1 Synchronization Selection
The synchronization source is determined by considering the system start-up state,
connection status, grid availability and island validity. The possible sources include:
-

Independent Reference: Used at start-up;

-

Island Reference: Used while disconnected from the grid;

-

Grid Reference: Used when connected to the grid; and
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-

Transition Island to Grid: Used to transition from an island to a grid
operation.

8.7.2 Synchronization Evaluation System
The evaluation microgrid was assembled as seen in Figure 8-18 to test the start-up
synchronization for the control algorithm. By closing the breakers and isolators at
different times, the system Black Start can be evaluated. The location of the sensors
used in the control algorithm matches the sensor locations in the experimental
setup.
8.7.2.1 Control Signals
The control signals are generated from the simulation environment to sequence the
opening and closing of the breakers and isolators in the evaluation system. The
following elements can be controlled:
Inverter Isolator: In most simulations, the inverter remains connected to the
microgrid bus;
Generator Isolator: The generator is only disconnected for special scenarios when
the generator is lost while the grid is connected;
Load Breaker: In most simulations, the load bus remains connected to the microgrid.
The breaker is required by the simulation environment. Note that a default load is
always present loading the bus. The load breaker can be used to perform “no load”
testing;
LB#n Breaker: Additional loads (defined by n) can be connected or disconnected
individually. The loads can consume either real power, reactive power or both;
Grid Breaker: Used to control the connection between the grid and the microgrid.
Allows the microgrid to be forced into an island state regardless of the intertie
connection status;
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Intertie Contactor: A special disconnect that is controlled by the simulated intertie
relay (Intertie Reclose Logic). The logic controls the connection between the grid
and the microgrid based on the intertie joining criteria; and
Grid Isolator: Used to simulate a full grid disconnect (grid failure).

Figure 8-18 Synchronization Test Network
8.7.2.2 Intertie Reclose Logic
The intertie reclose logic is a simplified implementation of the synchro-check
protective function provided by the intertie relay. The reclose algorithm examines
the difference between the grid and the microgrid in terms of voltage (rms), phase
and frequency (ωt). This logic is disabled during black start. Once the system is
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operational, the logic will operate based on the connection state. In an island
operation, the logic attempts to verify that the system is within the tolerance for a
specified interval and attempts to close the intertie contactor. If all other breakers
and isolators are closed, then the system will immediately transition into the grid
connected state.
While the system is in the grid connected state, the intertie logic examines the
difference between the grid and the microgrid and if a sustained difference outside
the defined tolerance is detected, the intertie will immediately open the intertie
contactor. This will result in the system transitioning to the islanded state.

Table 8-3 System Start-up Events
Simulation
Event Description
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Pref = 0 W, Qref = 0 Var
Intertie Isolated Open
0.000
Initial Load = 400W
0.016
Island Valid
0.150
Black Start Complete
0.200
Isolator Switch Closes
0.200
Grid Breaker Closes
0.247
Intertie Contactor Closes
0.300
Add Load = 100W
0.500
Control Mode = Peak Shaving
0.525
Add Load = 200W
0.525
Pref = 400 W
0.550
Pref = 600 W
0.575
Add Load = 300 W
0.600
End of Simulation

Synchronization
Source
Black Start (0)

Active Control
Mode
Black Start (9)

Island (3)

Island (3)

Track (2)
Grid (1)

Island (3)
Grid Idle (7)

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Export Enable = false; Export Valid = false
- Curtailment Enabled = false
- Peak Enabled = true; Peak Valid = true

Peak Shaving (4)
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8.7.3 System Start-up Reference Signals
To illustrate the sequence that occurs during system start-up, the test harness was
controlled to initiate the events listed in Table 8-3. The Synchronization Source
indicates changes in the source detection logic in response to the corresponding
event. Similarly, the Active Control Mode is the new updated mode resulting from
the event.
8.7.3.1 Reference Frequency
The objective of the synchronization process is to generate the reference frequency
signal (ωt) to be used in the generation of the voltage reference as well as being
used by the dq and alpha-beta transformations.

Each synchronization source

continuously generates its reference signal shown in Figure 8-19.
frequency is the output from the Synchronization process.

The “Sync”

For the following

analysis the reclose logic has been disabled forcing the system to remain in blackstart island operation.

Figure 8-19 Reference Frequency ωt (rad/s) During Black Start
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Figure 8-20 Voltage Reference (V pu) Signal During Black Start
8.7.3.2 Voltage Reference
The frequency reference signal is used to generate the voltage regulation reference
used by the voltage regulator. The voltage regulator controller will be active while
in the islanded condition. The voltage reference signals are shown in Figure 8-20.
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For the purposes of comparison, the grid voltage is shifted by 30 degrees so that it
can be compared with other signals. Figure 8-21 shows that the tracking reference
is adjusted to stay in phase with the shifted grid signal.

The goal of the

synchronization process is to ensure that the output from the inverter is in phase
with the grid voltage.

Figure 8-21 Phase Comparison Between Grid and Microgrid Voltages (V pu)
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(a) Synchronization without Reclose

(b) Synchronization with Reclose

Figure 8-22 Frequency Adjustment
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8.7.4 Microgrid to Grid Synchronization
During the start-up sequence, the grid and the microgrid are forced to remain
separated by opening the grid breaker (as shown in Figure 8-18). In addition, the
microgrid is forced to be independent of the grid by introducing a contactor
controlled by an intertie relay which forces the grid and the microgrid to separate
when they are not in phase. By examining Phase A for the grid in Figure 8-21 and
the inverter output (transformer secondary), it can be observed that a phase change
in the inverter output occurs prior to the joining of the microgrid with the grid. This
shows the action of the tracking mode being engaged to bring the microgrid phase
to be aligned with the grid once a valid grid signal has been detected (after the
closing of the grid isolation switch). The microgrid connects to the grid once the
intertie contactor is closed and when the tracking frequency is within the tolerance.
8.7.5 Frequency Adjustment
The operation of the frequency adjustment is shown in Figure 8-22 where the
system is actively following the sensed grid voltage while in island operation. In the
first example Figure 8-22, the action of the intertie relay is suspended. Hence the
system remains in island mode. In the second example, the intertie reclose logic is
triggered causing the closing of the grid isolator, and the system transitions to the
grid connected mode.
The new island frequency is the result of adding the frequency adjustment value to
the desired grid frequency. The difference between the island frequency and the
grid is calculated and shown as the Raw Frequency Difference. In Figure 8-22, the
Frequency Adjustment value approaches zero at which point the intertie relay will
close the intertie contactor. Note that the raw frequency difference contains large
square notches that represent the phase difference between the saw tooth
waveforms (Grid Frequency and Island Frequency) which is an artificial difference
introduced by the forced reset of the frequency to zero at every 2π interval.. The
Filtered Frequency Difference represents the true phase difference which can be
used to modify the island frequency.
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8.7.6 Power Output During Start-up
The microgrid power profile during black-start is shown in Figure 8-23. The load
changes while in island operation and the microgrid is seen to follow the load. At
t=0.230 s the microgrid connects to the grid in “idle” mode so that the grid takes
over load support and the fuel cell output drops to zero. Peak Shaving is enabled at t
= 0.525, at which time the fuel cell begins operating. A detail explanation of the
microgrid operation can be found in the next chapter. The convention for grid
power flow is that a positive flow indicates power flow from the grid to load and
negative when power is delivered to the grid.

Figure 8-23 System Startup Real Power (W) and Reactive Power (var)
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9 MICROGRID SIMULATION RESULTS
The results from the simulation of the complete microgrid are presented in this
Chapter. The controller is validated under the different operation modes and the
transitions between each of the modes are analyzed. The microgrid is operated
under different load levels and under different desired output references. The
power quality is examined. A series of scenarios are simulated to examine the
models under different real-world situations.

Figure 9-1 Black Start Island Primary Voltage and Current

9.1 Island and Transition Operation
The simulation scenarios allow all of the elements of the control implementation to
be validated. The behaviour of the system under island and grid connected
operation is examined. In particular, the transition between controllers is explored.
The details of the different grid connected operational modes are examined in the
Section 9.2. The microgrid configuration used to examine the behaviour of the
microgrid running different scenarios (Figure 8-18) is the same as the one used for
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synchronization evaluation. To remain in the island operation, the grid breaker is
kept open.
Table 9-1 Black Start – Island Events
Simulation
Event Description
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Initial Load = 400 W
0.016
Island Valid
0.150
Black Start Ends
0.200
Add Load = 200 W
0.300
Add Load = 100 W
0.400
Add Load = 200 W
0.425
User Mode Change
Island to Peak Shaving
0.450
Remove Load = 200 W
0.500
Remove Load = 200 W
0.550
Grid Isolator Closes
0.600
End of Simulation

Synchronization Active Control
Source
Mode
Black Start (0)
Black Start (9)
Tracking (3)

Island (3)

No change

No change

Tracking (3)

Island (3)

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Export Enabled = false; Export Valid = false
- Peak Shaving Enabled = false; Peak Valid = false
- Curtailment Enabled = false
9.1.1 Island Operation During Start-up
At system start-up, the black start reference will be used to provide the set points
for the system frequency and voltage level until the grid becomes available. The
events of the system start-up are shown in Table 9-1. The grid breaker remains
open and the isolator does not close until the end of the test to force the microgrid
to remain as an island.
The island operation during start-up is seen to function correctly by verifying the
controller transitions through the events listed in Table 9-1. Examining the primary
voltage of the islanding operation provides good regulation as the load changes. The
power flow shown in Figure 9-2 illustrates how the system responds to load
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changes. The voltage remains constant as shown in Figure 9-1 and the fuel cell
follows the load.

Real Power (W)

Reactive Power (var)

Figure 9-2 Black Start Island Operation Power Flow
9.1.2 Island Start-up to Grid Connection
The microgrid operates under the black start references during start-up as shown in
the previous section. When the grid isolator is closed the grid references become
available. The events of the system start-up leading up to the grid connection are
shown in Table 9-2. The microgrid will not connect to the grid until the island is
brought to be in phase with the grid. The operation of the island controller while in
the ‘tracking’ mode is shown in Figure 9-3 and Figure 9-4. The system voltage is
regulated during load changes while in the tracking mode. At time = 0.200 s the grid
isolator and grid breaker are closed. The frequency tracking operation is engaged
from t=0.212 to 0.248. At t=0.248 s the intertie contactor is closed and the island
connects to the grid. The microgrid drops its load support from 95% at t=0.248 s to
less than 5% at t=0.331 as the grid correspondingly increases to provide support for
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the load. At t=0.550 s peak shaving is turned on and the microgrid supplies power
following the provided reference.
Table 9-2 Black Start – Connect To Grid Events
Simulation
Event Description
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Initial Load = 550 W
0.016
Island Valid
0.150
Black Start Ends
0.200
Grid Isolator Closes
0.200
Grid Breaker Closes
0.248
Intertie Contactor Closes
0.425
Add Load = 200 W
0.500
Pref = 200 W
0.500
User Mode Change
Island to Peak Shaving
0.550
Enable Peaking
0.600
Add Load = 200 W
0.600
Pref = 400 W
0.800
End of Simulation

Synchronization Active Control
Source
Mode
Black Start (0)
Black Start (9)
Tracking (3)

Island (3)

Grid (1)

Grid Idle (7)

Grid (1)

Peak Shaving (4)

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Export Enable = false; Export Valid = false
- Curtailment Enable = false
- Peak Shaving Enabled = false; Peak Valid = true

Figure 9-3 Black Start Island Connects to Grid Primary Voltage Regulation
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Real Power (W)

Reactive Power (var)

Figure 9-4 Black Start Connect To Grid Operation Power Flow
9.1.3 Island Operation After Grid Connection
Once the microgrid has connected to the grid, the normal island operation will be
evoked when the grid connection is lost. The island reference is self-generating and
regulating to 377 rad/s which maintains the secondary voltage to the grid nominal
operating level. There are two types of island transitions: the total loss of grid and a
microgrid disconnect. In the first situation, the grid reference is lost and is not
available for synchronization. In the second situation, the grid is still present but
the island is not able to connect to the grid (due to the action of the intertie relay or
a microgrid isolator has been opened).
9.1.3.1 Island Operation – Loss of Grid
When the grid is lost, the island reference will be independent of the grid. The
reference is internally generated extracted from the primary voltage. The island
operation under different loads is shown in Figures 9-5 and 9-6. The events that
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cause a loss of the grid resulting in island operation as well as the reconnection to
the grid are shown in Table 9-3. The grid is lost at t=0.525 s. The island remains
until the intertie contactor closes at t=0.912 s. At this point, the peak shaving
operation begins.
Table 9-3 Island – Loss of Grid Events
Simulation
Event Description
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Initial Load = 450 W
0.016
Island Valid
0.150
Black Start Ends
0.200
Grid Isolator Closes
0.200
Grid Breaker Closes
0.300
User Mode Change
Island to Peak Shaving
0.247
Intertie Contactor Closes
0.300
Pref = 400 W
0.350
Add Load = 200 W
0.525
Grid Isolator Open
0.525
Grid Breaker Open
0.525
Intertie Contactor Opens
0.650
Remove Load = -300 W
0.825
Grid Breaker Close
0.850
Grid Isolator Close
0.950
Peaking Enabled
1.000
Add Load = 350 W
1.050
Add Load = 300 W
0.909
Intertie Contactor Closes
1.250
Pref = 600 W
1.300
Remove Load = -200 W
1.400
End of Simulation

Synchronization Active Control
Source
Mode
Black Start (0)
Black Start (9)
Tracking (3)

Island (3)

No Change

No Change

Grid (1)

Grid Idle (7)

Island (3)

Island (3)

Grid (1)

Peak Shaving (4)

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Export Enabled = false; Export Valid = false
- Peak Shaving Enabled = false; Peak Valid = false
- Curtailment Enabled = false
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The return to grid connected operation is more complicated, because the grid must
be reconnected before the tracking algorithm can become active. Once the grid is
present (and valid), the tracking algorithm will gradually bring the island in phase
with the grid. The island can return to grid connected mode once the island is
synchronized with the grid. The return to grid operation is shown in Figure 9-7.

Figure 9-5 Grid Lost Island Primary Voltage Regulation

Real Power (W)

Reactive Power (var)

Figure 9-6 Grid Lost Island Operation Power Flow
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Figure 9-7 Grid Lost Island Return to Grid Connection

9.1.3.2 Island Operation – Microgrid Disconnect
In the situation where the grid remains present, but the microgrid is disconnected
from the grid, the island reference will utilize the tracking signal that is actively
following the grid signal. The island tracking operation under different loads is
shown in Figures 9-8 and 9-9. The events of the system during the island operation
due to a microgrid disconnect are shown in Table 9-4. The microgrid disconnects at
t=0.575 s and reconnects at t=0.850 s.
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Table 9-4 Island – Loss of Microgrid Events
Simulation
Event Description
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Initial Load = 550 W
0.016
Island Valid
0.150
Black Start Ends
0.200
Grid Isolator Closes
0.200
Grid Breaker Closes
0.247
Intertie Contactor Closes
0.475
Add Load = 200 W
0.575
Grid Breaker Open
0.575
Intertie Contactor Opens
0.625
Remove Load = -400 W
0.700
Pref = 200 W
0.850
Grid Breaker Close
1.000
User Mode Change
Island to Peak Shaving
1.000
Add Load = 300 W
1.050
Peaking Enabled
1.100
Add Load = 250 W
1.150
Pref = 400 W
1.200
End of Simulation

Synchronization Active Control
Source
Mode
Black Start (0)
Black Start (9)
Tracking (3)

Island (3)

Grid (1)

Grid Idle (7)

Island (3)

Island (3)

Grid (1)
No Change

Peak Shaving (4)
No Change

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Export Enabled = false; Export Valid = false
- Peak Shaving Enabled = false; Peak Valid = false
- Curtailment Enabled = false

Figure 9-8 Microgrid Disconnect Island Primary Voltage Regulation
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Figure 9-9 Microgrid Disconnect Island Operation Power Flow

The return to grid connection operation in this case is simplified because the
tracking algorithm is active to keep the island in synchronization with the grid.
Small tracking adjustments must be made to deal with phase shifts introduced by
the voltage controller which attempts to regulate the island frequency and voltage.
The return to grid operation is shown in Figure 9-10.
9.1.4 Island Operation Special Cases
The operation of the island microgrid under unbalance load, reactive loads and no
load operation are areas for future research. Similarly, the condition when load
exceeds available generation is for future consideration.
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Real Power (W)

Reactive Power (VA)

Figure 9-10 Grid Lost Island Return to Grid Connection

9.2 Grid Connected Operation
The control of the microgrid changes when the microgrid is connected to the grid.
The microgrid operates to send power to the grid (or local load) at a pre-determined
power level. The grid connected operational modes include: Curtailment, Export
and Peak Shaving. The operational modes are described in detail in Chapter 7. The
simulation of the grid connected operational modes does show the power ramping
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function that occurs during the transition from an island operation to a grid
connected operation.
9.2.1 Curtailment
To illustrate the microgrid in curtailment operation, a test harness was constructed
which triggered the events listed in Table 9-5. The system start-up occurs as
outlined in the previous section with the microgrid connecting to the grid at time =
0.461 s.
Table 9-5 Curtailment Events
Simulation
Event Description
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Pref = 0 W, Qref = 0 Var
Intertie Isolated Open
0.000
Initial Load = 600W
0.016
Island Valid
0.150
Black Start Complete
0.200
Isolator Switch Closes
0.200
Grid Breaker Closes
0.461
Intertie Contactor Closes
0.475
Add Load = 200W
0.550
Control Mode = Curtailment
0.550
Add Load = 100W
0.625
Enable Curtailment
0.660
Remove Load = 200 W
0.690
Remove Load = 200 W
0.750
Disable Curtailment
0.800
End of Simulation

Synchronization Active Control
Source
Mode
Black Start (0)
Black Start (9)

Island (3)

Island (3)

Track (2)
Grid (1)

Island (3)
Grid Idle (7)

Curtailment (5)
Grid Idle (7)

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Export Enable = false; Export Valid = false
- Peak Shaving Enable = false; Peak Shaving Valid = false
The curtailment operation is seen to function correctly through the examination of
the event list as well as the resulting power flow shown in Figure 9-11. At time =
0.625, the curtailment algorithm is enabled and disabled at time = 0.750. The Power
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Reference curve is calculated by matching the load power so that the fuel cell
supplies the load removing the burden from the grid. The primary power delivered
follows the power reference. During the interval that curtailment is enabled, the
grid power is zero.

Real Power (W)

Reactive Power (var)

Figure 9-11 Curtailment Operation
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9.2.2 Export
To illustrate the export operation, a test harness was constructed which triggered
the events listed in Table 9-6.

The system start-up occurs as outlined in the

previous section with the microgrid connecting to the grid at time = 0.461 s. The
export algorithm requires the setting of the system parameters called Export P & Q.
If the parameters are within an allowable range the Export Valid flag is set to true.
The user has control over when the export function is enabled (provided the system
parameters are valid). For this test the Export Q parameter is set to 0 VAR.
Table 9-6 Export Events
Simulation
Event Description
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Pref = 0 W, Qref = 0 Var
Intertie Isolated Open
0.000
Initial Load = 200W
0.016
Island Valid
0.150
Black Start Complete
0.200
Isolator Switch Closes
0.200
Grid Breaker Closes
0.461
Intertie Contactor Closes
0.475
Add Load = 200W
0.550
Control Mode = Export
0.550
Add Load = 100W
0.550
Pref = 200 W
0.600
Enable Export
0.640
Pref = 400 W
0.660
Remove Load = 200 W
0.670
Pref = 100 W
0.690
Remove Load = 100 W
0.710
Pref = 0 W
0.750
Disable Export
0.800
End of Simulation

Synchronization Active Control
Source
Mode
Black Start (0)
Black Start (9)

Island (3)

Island (3)

Track (2)
Grid (1)

Island (3)
Grid Idle (7)

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Curtailment Enabled = false
- Peak Shaving Enable = false; Peak Shaving Valid = false

Export (6)

Grid Idle (7)
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Figure 9-12 Export Operation
The export operation is seen to function currently through the examination of the
event list as well as the resulting power flow shown in Figure 9-12. At time = 0.600
the export algorithm is enabled and disabled at time = 0.750. The Power Reference
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curve is calculated by forcing the fuel cell to deliver the specified export power to
the grid. This is done by first setting the power reference to follow the load and
then adding the export power quantity. The amount of total power delivered to the
grid is limited by the maximum generation capacity available. The grid power curve
becomes negative while export is enabled showing that the fuel cell is exporting
power to the grid (at the requested level).
Table 9-7 Peak Shaving Events
Event Description
Simulation
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Pref = 0 W, Qref = 0 Var
Intertie Isolated Open
0.000
Initial Load = 600W
0.016
Island Valid
0.150
Black Start Complete
0.200
Isolator Switch Closes
0.200
Grid Breaker Closes
0.300
Add Load = 200W
0.461
Intertie Contactor Closes
0.475
Add Load = 200W
0.550
Control Mode = Peak Shaving
0.550
Add Load = 100W
0.550
Pref = 200 W
0.600
Enable Peak Shaving
0.640
Pref = 400 W
0.660
Remove Load = 200 W
0.670
Pref = 600 W
0.690
Remove Load = 200 W
0.710
Pref = 200 W
0.750
Disable Peak Shaving
0.800
End of Simulation

Synchronization
Active Control
Source
Mode
Black Start (0)
Black Start (9)

Island (3)

Island (3)

Track (2)

Island (3)

Grid (1)

Grid Idle (7)

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Curtailment Enabled = false
- Export Enable = false; Export Valid = false

Peak Shaving (4)

Grid Idle (7)
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Figure 9-13 Peak Shaving Operation
9.2.3 Peak Shaving
To illustrate the peak shaving microgrid operation a test harness was constructed
which triggered the events listed in Table 9-7. The system start-up occurs as
outlined in the previous section with the microgrid joining the grid at time = 0.461.
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The peaking algorithm requires the setting of the system parameters called Peak
Shaving Threshold P & Q. If the parameters are within an allowable range the Peak
Valid flag is set to true. The user has control over the timing of when the peak
shaving function is enabled (provided the system parameters are valid). For this
test the peak shaving parameter Q Threshold is set to 0 VAR.
The peak shaving operation is seen to function correctly through the examination of
the event list as well as the resulting power flow shown in Figure 9-13. At time =
0.600 the peak shaving algorithm is enabled and disabled at time = 0.750. The
Power Reference curve is calculated by determining the load that exceeds the peak
shaving cut-off threshold. The power at the primary closely follows the power
reference with the grid decreasing by the amount of power delivered by the
microgrid. The grid is maintained at the selected input power threshold level with
the power required by the load above the threshold being supplied by the fuel cell.
9.2.4 Grid Connected Operation Special Cases
The following special scenarios for grid connected operation were not considered
during the validation of the controller:
(1) No Load: The operation of the grid connected microgrid under no load
situation;
(2) Reactive Power: The operation of the grid connected microgrid under
reactive load was not examined. As well, the system was not evaluated when
the power references (peak shaving and export) had the reactive power
reference set to a non-zero value;
(3) Loss of Local Generation: The operation of the grid connected microgrid with
a sudden disconnect of the fuel cell source is a condition that was not
evaluated; and
(4) Unbalanced Phases: The operation of the grid connected microgrid under
unbalance load or unbalanced grid conditions was not examined.
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9.3 Load Performance and Quality
The operation of the complete system is evaluated in terms of power quality for
different load scenarios. Both the fuel cell source and ideal source are used to
examine the impact on the system of a non-ideal source.
9.3.1 Power Quality – Ideal Source
The following evaluation of the microgrid performance in terms of power quality
uses the ‘Ideal’ battery source model in simulation. In experimental validation, the
DC source is a Sorenson 3kW DC supply operating at 34 VDC.
Table 9-8 Island THD Events
Simulation
Event Description
Synchronization Active Control
Time (s)
Source
Mode
0.000
Simulation Start *
Black Start (0)
Black Start (9)
Initial Control Mode = Island
0.000
Initial Load = 450W
0.016
Island Valid
Island (3)
Island (3)
0.150
Black Start Complete
0.900
Add Load = 300W
1.200
End of Simulation
* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Grid Breaker Switch: Open
- Intertie Contactor Switch: Open
- Curtailment Enabled = false
- Peak Shaving Enabled = false; Peak Shaving Valid = false
- Export Enable = false; Export Valid = false
9.3.1.1 Island Operation THD
The evaluation of island operation total harmonic distortion was performed with an
initial load of 450 W which changes to 750 W at t=0.900 s (see Table 9-8). The
operation of the microgrid with regards to THD is shown in Figure 9-14. The THD is
substantially above the target for both voltage and current.
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(a) Load = 450 W

(b) Load = 750 W

Figure 9-14 Island Connected Operation THD (Ideal Source)

Table 9-9 Grid Connected THD Events
Simulation
Event Description
Time (s)
0.000
Simulation Start *
Initial Control Mode = Island
Pref = 1 W, Qref = 0 Var
Intertie Isolated Open
0.000
Initial Load = 300W
0.016
Island Valid
0.150
Black Start Complete
0.200
Isolator Switch Closes
0.200
Grid Breaker Closes
0.200
Enable Peak Shaving

Synchronization
Active Control
Source
Mode
Black Start (0)
Black Start (9)

Island (3)

Island (3)

Track (2)

Island (3)
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0.461
0.461
0.900
1.400

Intertie Contactor Closes
Grid (1)
Control Mode = Peak Shaving Grid (1)
Remove Load = 200W
End of Simulation

Grid Idle (7)
Peak Shaving (4)

* Initial Conditions:
- DC Source: All switches closed
- Inverter Switch: Closed; Load Switch: Closed
- Curtailment Enabled = false
- Export Enable = false; Export Valid = false

(a) Load = 300 W, Ref = 1 W

(b) Load = 600 W, Ref = 1 W

Figure 9-15 Grid Connected – Inverter Supported THD from an Ideal Source
9.3.1.2 Grid Connected Operation THD – Inverter Support
The evaluation of grid connected operation total harmonic distortion is done with
peak shaving mode enabled described in Table 9-9. The microgrid is operated
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under an initial load of 300 W and changes to 100 W at t=0.900 s. The peak shaving
reference is set to 1 W. The grid connected setup is also operated at a higher initial
load level of 600 W and changes to 400 W at t=0.900 s. The peak shaving reference
is also set to 1 W.
The operation of the microgrid with regards to THD is shown in Figure 9-15. The
THD is well below 2% for both voltage and current except during the short duration
when the load change occurs which introduces a brief distortion.

(a) Load = 300 W, Ref = 800 W

(b) Load = 600 W, Ref = 800 W

Figure 9-16 Grid Connected – Grid Supported THD from an Ideal Source
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9.3.1.3 Grid Connected Operation THD – Grid Support
The grid connected operation total harmonic distortion simulation is repeated with
a change to the peak shaving reference to be set to 800 W which will set the inverter
output to 0 W (since the load will be below the 800 W set point). The grid will
provide full support to the load. The THD, as seen in Figure 9-16, is measured for
the same load levels used above.
9.3.2 Power Quality – Fuel Cell Source
9.3.2.1 Island Operation THD
The simulation described for the Island Ideal Source is repeated with the DC source
replaced with the Nexa Fuel Cell electric model. The microgrid was operated as
described in Table 9-8 and resulted in the system performance shown is in Figure 917.

Figure 9-17 Island Connected Operation THD (Fuel Cell Source)
9.3.2.2 Grid Connected Operation THD – Inverter Support
The simulation described for the Grid Connected Ideal Source where the load is fully
supplied by the inverter is repeated with the DC source replaced with the Nexa Fuel
Cell electric model. The microgrid was operated as described in Table 9-9 and
resulted in the system performance shown in Figure 9-18.
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(a) Load = 300 W, Ref = 1 W

(b) Load = 600 W, Ref = 1 W

Figure 9-18 Grid Connected – Inverter Supported THD from a Fuel Cell

9.3.2.3 Grid Connected Operation THD – Grid Support
The simulation described for the Grid Connected Ideal Source where the load is fully
supplied by the grid is repeated with the DC source replaced with the Nexa Fuel Cell
model. The microgrid was operated as described in Table 9-9 and resulted in the
system performance shown in Figure 9-19.
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(a) Load = 300 W, Ref = 800 W

(b) Load = 600 W, Ref = 800 W

Figure 9-19 Grid Connected – Grid Supported THD from a Fuel Cell
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10 MICROGRID LABORATORY SETUP
The construction of the laboratory microgrid requires the assembly of some
specialized equipment and the modification of an existing experimental inverter.
The grid connection is built out of three systems: the physical grid connection, an
interconnection rack (PCC) and the power electronic inverter. The interconnection
rack and inverter are interfaced to the real-time control system. The microgrid
controller connected to the inverter has been modified to incorporate information
from new inverter sensors and interconnection rack sensors.

10.1 Grid Connection
The physical grid connection was completed by the UWO Physical Plant and Capital
Planning Services. The work utilized conduits that were installed at the time the
building was constructed to allow the Distributed Generation Laboratory to make a
direct connection to the building power system to both deliver and receive power
for experimental purposes. A single line drawing of the connection is shown in
Figure 10-1. The Interconnection Rack is described in the Section 10.2. The parts
that have been used to assemble the grid connection are listed in Table 10-1. Full
technical descriptions of the experimental equipment can be found in Appendix D.
10.1.1 Simulated Grid Supply
For some experiments, it is desirable to have control over the grid source. The
physical connection to the grid is removed and a controllable three-phase voltage
supply is attached directly to the Interconnection Rack at the point of common
coupling (grid connection). The controllable supply is used as the simulated grid
supply and is described in the Appendix E.
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Figure 10-1 Grid Connection Equipment
10.1.2 Grid Connection Equipment
10.1.2.1 Mechanically Interlocked Disconnect
In discussions with the ESA electrical inspector, it was decided that a mechanically
interlocked disconnect is the safest mechanism to make the semi-permanent
connection between the Interconnection Rack and the building.
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Table 10-1 Grid Connection Equipment
Part Number
Hubbell
HBL560MIF9W
Hubbell
HBL560P9W
Cutler Hammer
Power-R-Line QBHW
5054T22
General Cable
16075

Description
Mechanical Interlock 60 Amp 3 phase Y 120/208
Male Plug 60 Amp 3 phase Y 120/208
3 Pole 40 amp 250 volt Breaker in Panel 2LK
UL Class J Time-Delay Fuse W/Visual Indicator 600 VAC, 40
Amps, Fuse Types: Lpj, Ajt, Jtd-ID
Carolprene Jacketed Type SOOW,
90 C 600 V UL/CSA Portable Cord, 5 Conductor, 6 AWG

10.1.2.2 Building Breaker
The building panel (M) was modified and an existing 3 pole 100A breaker was
replaced by a new 40 A 3 pole breaker. This was done so that the all equipment
connected to the building circuit would be limited to a maximum of 40 A. During the
construction of the new laboratory, the feeder from Panel 2M to Panel 2LK was
updated to #4 RW90 wire as well as an updated ground to accommodate the power
transferred to and from the lab.
10.1.2.3 Disconnect Fusing
The mechanical disconnect includes integrated fusing for each phase. Class J fuses
rated at 40 A were installed for each phase.
10.1.2.4 Cabling
The cable connection between the Building Disconnect and the Interconnection
Rack was another area of discussion. Only a CSA certified cable would be allowed of
at least 6 AWG to accommodate the designed capacity with a de-rating factor. The
cable required 5 conductors to include a ground reference that is used to bond all
equipment to the building ground.
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Figure 10-2 Interconnection Equipment

10.2 Interconnection Rack / Point of Common Coupling
The equipment is designed to operate as three phase 208 V (line-to-line) with a
maximum power of 10 kW.
! = √3 ** "* cos

"* =

10 .Y

√3 208  cos0

(10.1)
(10.2)

Assuming a unity power factor, the maximum line current rating for the
interconnection is calculated to be 27.76 A.
The interconnection equipment (seen in Figure 10-2) provides the interface
between the Building Supply (Grid) and the laboratory microgrid. The components
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that have been used to assemble the Interconnection Rack are listed in Table 10-2
with additional specifications for the equipment are listed in Appendix D. The
microgrid consists of the AC Bus, Inverter, DC Bus and the devices connected to each
bus. The laboratory point of common connection (PCC) is the termination point
within the laboratory that provides a receptacle that a connector can be attached to
form the circuit for the transfer of power to and from the utility. This connection
point has a three-phase breaker that can be used to isolate the connection point so
that the plug can be safely attached/removed without the risk of arcing. One
important consideration for these connections is to ensure that all devices
connected to the PCC share the same earth/ground reference.

Hence, all

connections are 4 poles utilizing 5 wires.
Table 10-2 Interconnection Rack Equipment
Part Number
ABB OS60J12P
ABB AL30-30-10-81
ABB TMAX T1 T1N060TL
J60060-3C
LPJ-40SP
LPJ-100SPI
Hubbell HBL26520
Hubbell HBL26519
Beckwith M-3520
Schneider ION 6200
TimeMark 208

Description
PCC Disconnect & Auxiliary DPDT
Contactor, 50A, 10 kW @ 208V, DC 24V, 3 Pole
3 Pole Breaker, 60 Amp
Rear Fuse Block, 3 Pole, 31 - 60 Amp
Fuse, 40 Amp
Fuse within Disconnect, Class J, 30A to 100A
Receptacle, 4 Pole, 5 Wire, 60 Amp
Plug, 4 Pole, 5 Wire, 60 Ampere
Intertie Protection Relay
Power Measurement Meter
Phase Detector

10.2.1 Isolator / Disconnect
The isolator provides a means to isolate the PCC. The isolator is equipped with
auxiliary contacts. One of the contacts is used in the connection state algorithm.
Another auxiliary contact is wired to a status LED.
10.2.2 Contactor
The contactor is triggered by a 24 VDC coil which is connected to the intertie relay.
When no power is present, the contactor is open (disconnected). When the intertie

206
relay determines that the operating conditions are within tolerance for the specified
amount of time, the microgrid is reconnected to the grid by having the intertie relay
close an output relay which in turn triggers the coil closing the contactor. The
contactor provides auxiliary contacts. One of the contacts is used in the connection
state algorithm. An auxiliary contact on the contactor is wired to a status LED.
10.2.3 Intertie Relay
10.2.3.1 Voltage Sensor Interface
The voltage input to the relay is provided through a voltage transformer (PT) (see
Figure 10-3). The 3 phase voltages are measured before the contactor. A secondary
voltage (V2) is measured after the contactor. The voltage sensor circuit is described
in Appendix F.

Figure 10-3 Interconnection Rack Internal Sensor Interface
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10.2.3.2 Current Sensor Interface
The current input to the relay is provided through a current transformer (CT) (see
Figure 10-3). The current sensor circuit is described in Appendix F.
10.2.3.3 Relay Setup
The product information and configuration of the relay is described in Appendix D.
10.2.3.4 Data Access
The intertie relay can be accessed either through the front panel of the device or
through two serial communication channels (RS-232 and RS-485).
10.2.4 Meter
The meter used in this research was recommended by the UWO Facilities
Department.
10.2.4.1 Voltage Sensor Interface
The meter will accept the grid voltages directly. A Type T 3A fuse is added to each
phase to protect against any large fault current (see Figure 10-3). The voltages are
measured on the grid side of the contactor.
10.2.4.2 Current Sensor Interface
The current input to the meter is provided through a current transformer (CT) (see
Figure 10-3). The current sensor circuit is described in Appendix F.
10.2.4.3 Meter Setup
The product information and configuration of the meter is described in Appendix D.
10.2.4.4 Data Access
The meter can be accessed from the front panel and remotely through a RS-484
serial communications channel.
10.2.5 Fusing Protection
The replacement fuse with corresponding part numbers are listed in Table 10-3.
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Table 10-3 Replacement Fuses
Location
Building
Disconnect

Part
Number
5054T22

Grid PCC

6985K721
(6985K714)

Isolator
PCC
Inverter

6985K722
ATM-15

Description

Supplier

UL Class J Time-Delay Fuse McMaster-Carr
W/Visual Indicator 600 VAC, 40
Amps, Fuse Types: Lpj, Ajt, Jtd-ID
Fast Class J, 30 Amps, JKS-30, McMaster-Carr
HRCI-J (Test Fuse: 5 Amps, JKS-5)
Fast Class J, 40 Amps, JKS-40, McMaster-Carr
HRCI-J
Fast Acting, 15 Amps, 600V, Midget Ferraz-Shawmutt
Fuse

10.2.5.1 PCC Grid Side Interface
At the grid side interface before the contactor, a fuse is installed. The purpose of
this fuse is to allow for smaller rated fuse size to be installed in the power circuit.
When the interconnection is operating at full capacity, 30A fuses are installed. To
limit current during testing process, a smaller 5A fuse is installed.
10.2.5.2 Isolator / PCC Disconnect
The disconnect device has integrated fuses which for the research application are
sized to 40A.
10.2.5.3 Building Disconnect
The building disconnect device has integrated fuses which are sized to 40A.
10.2.5.4 Inverter
The experimental single stage inverter has 15A fuses installed prior to the AC
isolator.
10.2.5.5 AC Microgrid
The planned AC microgrid permanent installation will have dedicated disconnects
and fuses at each generator and load nodes.
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10.2.6 Breakers
The purpose of the breakers is to provide a means to protect the power circuit if the
fusing protection fails to trigger. The breakers provide a way to ensure that the
connectors are isolated when inserting or removing the connector.

Auxiliary

contacts on the breakers are wired to status LEDs and the controller (see Figure 104).

10.3 Interconnection Control Interface
The Interconnection Rack provides an interface to the inverter controller to indicate
the status of the interconnection. Each of the possible sources of disconnect within
the Interconnection Rack are equipped with auxiliary contacts that are made
available at the PCC Interface. The status of these sources of disconnect are shown
in Figure 10-4. These indicators are connected to the dSPACE platform as digital
inputs to provide an indication of the state of the interconnection.
10.3.1 Signal Isolation
The output digital signals from the PCC are isolated from the controller through the
use of an isolating relay (shown in Figure 10-4). The isolating relay has a 24 VDC
coil that is connected to the auxiliary contact on the disconnect device. Both a
Normally Open (NO) and Normally Closed (NC) as well as the Common (C) terminals
are available to the PCC interface. By default, the normally closed terminal is used
so that on the loss of power within the PCC the signal will be at a low level.
10.3.2 Connection State
The connection state indicates if the PCC has enabled the connection between the
microgrid and the grid. The Connection State is determined by a logical AND
function of the control signals. The Inverter Controller will use the Connection State
to control the selection of the appropriate control algorithm (Island Operation or
Grid Connected Operation).
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Figure 10-4 Interconnection Equipment Rack Control Interface
10.3.2.1 Intertie Relay Island Detection
An output relay in the Intertie Relay is configured to be triggered if the algorithm in
the intertie detects that a protection function has been activated. The output from
the intertie relay is connected to the coil on the contactor. The auxiliary contact on
the contactor is routed to the Intertie Island control signal.
10.3.2.2 Disconnect Switch
The PCC can be manually disconnected from the grid using the isolator. This is a
mechanical switch that will break the connection between the grid and the
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microgrid. The auxiliary contact on the disconnect switch is routed to the Front
Switch control signal.
10.3.2.3 Interconnection Rack Breakers
Two breakers are present in the interconnection rack, one for each physical
connection (grid side and microgrid side). If either breaker is opened, the grid
connection will be lost. The auxiliary contact on the grid side breaker is routed to
the Grid Breaker control signal. The auxiliary contact on the microgrid side breaker
is routed to the Bus Breaker control signal.

Figure 10-5 Synchronization Interface
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10.3.2.4 Building Disconnect
The building disconnect allows the grid to be manual disconnected at the utility.
When the building disconnect is opened the grid connection will be lost which will
cause the intertie relay to be triggered.
10.3.2.5 Building Breaker
The building breaker is installed in the building distribution panel. When the
building breaker is opened, the grid connection will be lost which will cause the
intertie relay to be triggered.
10.3.3 Grid Synchronization
A voltage sensor is connected to each phase (A, B & C) on the grid side of the
contactor. This voltage is passed to the inverter for grid synchronization see Figure
10-5. A description of the PCC synchronization algorithm can be found in Section
5.3. The physical connection is a BNC type connector located internally within the
PCC Interconnection Rack.

10.4 Inverter Modifications
The following modifications to the original laboratory inverter were made to
achieve the designed capacity of the inverter. The initial change was to replace the
MOSFET gate driver with a set of drivers that would be better matched to the
PowerEx MOSFET stack. During the testing of the new drivers a pulse signal
conditioning circuit was built and a software dead-time generator was created.
Another change was made to utilize the slave processor in dSPACE to generate the
PWM signals. In examining the current and voltage sensors in the inverter it was
discovered that the sensors both had narrow band filters to only sense current and
voltage around the 60 Hz fundamental (removing most harmonics). New sensors
were designed and built that passed the complete signal to the control system for
processing.
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10.4.1 Replace MOSFET Driver
The selected general purpose MOSFET drivers were unable to supply suitable gate
driving force to fire the devices properly. A new drive board was required to match
the characteristics of the PowerEX MOSFET module (FM200TU-07A) [10.9]. The
recommendation from the manufacturer was to replace the generic IXYS driver
[10.1, 10.2, 10.10] with a PowerEx driver stage (BG2B) [10.3, 10.4, 10.5, 10.6, 10.7].
The schematic for the gate driver (upper device) is shown in Figure 10-6. Three
drivers were purchased and assembled. A gate resister value of 3Ω was selected.
The following component sizes were recommended by the application guide.
C1 = C2 = 82 µF, 35 V
C4 = 150 µF, 35 V
DZ1 = DZ2 = 17 V, ½ W
RG = 3 Ω

Figure 10-6 Gate Driver (Upper Device)
During the installation of the new drivers some of the internal signals were rerouted within the enclosure to provide further distance from the noisy power stage
components (inductor, transformer, capacitor bank, etc.).

The drivers were

physically mounted in close proximity to the MOSFET to reduce lead lengths to limit
interference. The assembled drivers are shown in Figure 10-7.

214

Figure 10-7 MOSFET Gate Drivers

Figure 10-8 Pulse Signal Conditioning Circuit
10.4.2 Pulse Signal Conditioning / Driver
During the verification of the new gate driver boards, it was found that the pulses
generated by the dSPACE were very noisy.

This could explain the degraded

performance of the old driver boards that was seen when the inverter was operated
in the new laboratory (SEB 3099). The new lab is located in a section of the building
above various motor labs that when operating will generate a lot of interference. A
simple signal conditioning circ
circuit was built (shown in Figure 10-8)
8) to produce the
active low signals delivered to the new gate drive cards. The buf
buffer
fer circuit is
i shown
in Figure 10-9.
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Figure 10-9 PWM Interface from dSPACE to Gate Driver
10.4.3 Utilization of the Slave Processor in dSPACE
One of the critical parameters that defines the operation of the inverter, is the step
size used within the dSPACE control environment. This step size defines the degree
of resolution of sample sizes which in turn relates to the speed of the control
strategy reacting to changes to the sensed inputs (i.e. Va, Vb, Vc). The step size is
directly related to the speed of the DSP used to perform the control logic (Texas
Instrument TMS320F240 20MHz). For example, a large step size will limit the size
of the dead-time that can be generated through software control. The approach
taken to decrease the step size is to use the dedicated co-processor that is capable of
generating the PWM signals under ‘slave’ operation [10.8]. Testing determined that
using the spare processor off-loads sufficient processing bandwidth to allow much
small step-sizes to be used on the main processor.
As a result the slave processor is now being used for pulse generation (PWM)
including the hardware dead-time support. The digital I/O connector is a 37 pin
female header labelled CP31. The interface between dSPACE and the gate drivers
can be found in Table 10-4.
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Table 10-4 dSPACE Slave I/O Connector Map
Pin
7
8
9
1
4
26
27
28
20
37

Signal
SPWM1
SPWM3
SPWM5
GND
GND
SPWM2
SPWM4
SPWM6
GND
GND

Signal Cable
Upper Cable
Upper Cable
Upper Cable
Upper Cable
Upper Cable
Lower Cable
Lower Cable
Lower Cable
Lower Cable
Lower Cable

Wire Colour
Green
Brown
Black
White
Red
White
Red
Brown
Black
Green

10.4.4 New Sensors
The original inverter sensors had a narrow band filter around the fundamental at 60
Hz. The old design did not allow any of the harmonics to be present in the voltage
and current sensed values that the controller was using for the control algorithm. A
new sensor design was implemented without the filter so that all harmonics are
present in the sensed current and voltage so the control algorithms compensate for
the true output waveforms. The sensor designs are described in Appendix F.

Figure 10-10 Load Sensors
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Additional sensors have been added to allow new inputs to the control algorithm
shown in Figure 10-13. The capacitor filter voltage (transformer primary voltage) is
sensed and the transformer primary current is sensed. As well, an external current
sensor has been added to measure the load current used for supervisory operation
as shown in Figure 10-10.

10.5 Control Algorithm Implementation
The dSPACE real-time controller is tightly integrated with the Matlab Simulink
SimPowerSystems environment. The transition from the simulated environment to
the laboratory environment is simplified by utilizing the dSPACE development
platform.
10.5.1 dSPACE Real-Time Platform
With small changes to the MatLab SimPowerSystems [10.9] models the control
algorithms can be compiled and downloaded into the target controller to run in realtime utilizing analog and digital input signals and generating the switching pulse
stream. The control platform is the model DS1103 PPC Controller Board provided
by dSPACE [10.8] (see Figure 10-11). The control platform is interfaced with the
test inverter through the available digital and analog input and output channels.

Figure 10-11 dSPACE Control Platform
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Figure 10-12 Inverter Power Electronics

Figure 10-13 Inverter Sensors
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10.5.2 I/O Sensor Map
The physical I/O is interfaced to the control algorithm utilizing the dSPACE
development platform.

The sensors are interfaced with the power electronic

devices as shown in Figure 10-12. The physical sensors installed within the inverter
are shown in Figure 10-13.
10.5.2.1 Pulse Width Modulation Signals
The connector details for the PWM signals are defined in Table 10-4.
10.5.2.2 Digital Input
The digital inputs to dSPACE are from the Interconnection Rack. The digital I/O
connector is a 50 pin male header labelled CP30. The digital I/O has a built in 10kΩ
pull up resister. The digital inputs are TTL with a high value for voltage between
2.0V and 5.0V (active signal) and a low value for voltages between 0V and 0.8V. The
input current is 500 µA. The digital assignments are shown in Table 10-5.
Table 10-5 Digital Input Interface
I/O Number

Pin Number

Signal

Wire Colour

Function

0

1

IO0

White

Bus Breaker

1

18

IO1

Red

Front Switch

2

2

IO2

Blue

Grid Breaker

3

19

IO3

Green

Intertie Island

0

34

GND

Black

-Red

1

35

GND

Black

-White

2

36

GND

Black

-Blue

3

37

GND

Black

-Green

The digital inputs are shown in Figure 10-4. Note that the signals pass through an
isolating relay within the Interconnection Rack to protect the controller (as seen in
the insert on Figure 10-4).
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10.5.2.3 Analog Input
The analog inputs to dSPACE are from the inverter, interconnection rack and the
electronic load. Each analog input is a BNC type connector and is labelled ADCHx
where x is the analog channel number. Each analog channel is 16 bits, with an input
range from -10V to +10V and has overvoltage protection to -15V and +15V. The
analog channel assignments are shown in Table 10-6. The first 16 analog channels
are multiplexed with four channels that can be indexed from each analog port
defined by the unit number. All of the analog channels require compensation for a
scaling factor of 10 introduced by dSPACE.
Table 10-6 Analog Input Interface
Unit
1

Analog Channel
1

Signal
Vsa

Scaling Factor
10 * (1 / 6.75) * 120 * √2

2
3
4
5

Vsb
Vsc
Isa
Ipa

10 * (1 / 6.80) * 120 * √2
10 * (1 / 6.60) * 116 * √2
10 * (1/1.5)
10 * (20 / 2.5)

6
7
8
9

Ipb
Ipc
Isb
Ila

10 * (20 / 2.5)
10 * (20 / 2.5)
10 * (1/1.5)
10 * (-4)

10
11
12
13

Ilb
Ilc
Isc
Vpab

14
15
16
17
18
19
20

Vpbc
Vpca
Vc Sync
VDC
Vb Sync
IDC
Va Sync

MUX_ADC_CON1

1
1
1
2
MUX_ADC_CON2

2
2
2
3
MUX_ADC_CON3

3
3
3
4
MUX_ADC_CON4
4
4
4

10 * (-4)
10 * (-4)
10 * (1/1.5)
10 * (1/(0.25 * 3.2))
10 * (1/(0.25 * 3.2))
10 * (1/(0.25 * 3.2))
10 * (1 / 7.35) * 120 * √2
10 * 40 / 7
10 * (1 / 7.35) * 120 * √2
10 * (-10)
10 * (1 / 7.40) * 120 * √2
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10.5.2.4 Analog Sensors Special Considerations
The open loop testing indicates that the secondary voltages are not balanced with
Phase B higher than Phase A and Phase C much lower than Phase A. The scaling
factors maintain the relative differences. The grid synchronization voltage has a
negative multiplier to reflect the measured 180° phase shift between primary and
secondary. With the addition of the 30° phase shift due to the transformer the net
difference is -150°.
10.5.2.5 Digital Sensors Special Considerations
The digital signals interfaced to the dSPACE system utilize shielded twisted pairs for
each signal. The shield from each pair is bonded to the metal shell of the connector.
The signal return line for each I/O point is connected to a ground pin [10.8].

10.6 Control Model using Physical I/O
The control model simulation in Section 8.8 was modified to interface with the
physical I/O. The physical I/O includes: digital inputs, analog inputs and the PWM
driver signals.

Figure 10-14 Digital Inputs - PCC Interface

222

Figure 10-15 Analog Inputs - AC Sensors
10.6.1 Digital Inputs
The digital signals are shown in Figure 10-14.

223
10.6.2 Analog Signals
Each analog signal requires a scaling factor to be applied to convert the sensor
signal to its real world full scale value. The scaling factors are shown in Table 10-6.
The scaling factors are based on values collected during the calibration of the
sensors and validated during the open-loop testing. The interface with the physical
analog input channels is shown in Figures 10-15 and 10-16.

Figure 10-16 Analog Inputs - DC Sensors
10.6.3 PWM Pulses
The PWM pulses generated by the dSPACE platform require an input from 0 to 1.
The simulation modes generated a PWM input signal (ma, mb, mc) from -1 to 1. The
signal conditioning step adjusts the signals into the PWM3 block. The PWM3 block
also provides a control signal that allows external run/stop control over the
generation of the PWM. When the PWM is placed in ‘stop’ mode, the PWM output
signals are placed into a safe state (all switches off). The PWM interface is shown in
Figure 10-17. The settings for the three phase PWM control block are:
Switching Frequency = 4860*2 Hz
Dead-band = 5 µs
Initial Settings & Suspend = Upper devices to TTL Low
Lower devices to TTL High
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Figure 10-17 Generation of PWM Signals

Figure 10-18 Dual Mode Controller Model Overview
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10.6.4 Control Model
The Multi-Mode Control System constructed and tested in the SimPowerSystems
simulation environment is the basis for the real-time model implemented on the
dSPACE platform.

The model has been modified by replacing the simulated

equipment (Dynamic Load, Grid Source, Fuel Cell Source/Test Source, and Inverter)
with the actual equipment. The real time model is shown in Figure 10-18.

10.7 Supervisory Interface
The interface to the control algorithm is built using the Control Desk tool provided
by dSPACE. The tool allows a graphical user interface to be constructed that can
display information from the algorithm executing in real-time on the embedded
platform. The principal supervisory user interface is shown in Figure 10-19.

Figure 10-19 Control Desk User Interface
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10.8 Microgrid Line Impedance
During the grid connection experiments, it was determined that the line impedance
between the microgrid and the grid was too small. As was discussed in Chapter 3,
the power flow between the two sources is affected by the impedance between the
sources. At the instant of interconnection the power network is operating with two
voltage regulators: the grid and the microgrid that will continue to operate under
island operation for a short duration. To mitigate the undesirable high current
flows a line reactor [10.11] has been added to the microgrid power network to
represent a small real-world line impedance shown in Figure 10-20.

Figure 10-20 Grid Connection Test Microgrid

10.9 References
[10.1]

A. Lindemann, “Recent Achievements and Approaches for Further Optimization
of High Current Low Voltage Power Semiconductor Components”, IXAN0045,
www.IXYS.com

[10.2]

A. Lindemann, “A High Current Dual Inline Packaged Trench MOSFET Three
Phase Full Bridge as Contribution to Automotive System Integration”,
IXAN0018, www.IXYS.com

[10.3]

Product Bulletin: BG2B-Universal Dual IGBT Module Gate Driver Board
http://www.pwrx.com/pwrx/docs/bg2b.pdf

[10.4]

E. Motto, Hybrid Circuits Simplify IGBT Module Gate Drive, Powerex Inc.
http://www.pwrx.com/pwrx/app/PCIM99.pdf

227
[10.5]

Application Note: BG2B-Universal Gate Drive Prototype Board
http://www.pwrx.com/pwrx/app/bg2b_application_note.pdf

[10.6]

Datasheet: Isolated DC-DC Converter: VLA106-15242
http://www.pwrx.com/pwrx/docs/vla106_15242.pdf

[10.7]

Datasheet: Opto-Isolated Hybrid IC Gate Driver: VLA504 (600V, 400A 1200V,
200A) http://www.pwrx.com/pwrx/docs/vla504_01.pdf

[10.8]

DS1103 PPC Controller Board: Hardware Installation and Configuration,
Release 5.2, December 2006, dSPACE, Paderborn, Germany

[10.9]

Datasheet: Powerex 6-Pack High Power MOSFET Module: FM200TU-07A
http://www.pwrx.com/pwrx/docs/fm200tu-07a.pdf

[10.10]

Datasheet: IXYS EVBD4400 Half Bridge Driver Evaluation Board
http://ixdev.ixys.com/DataSheet/99026.pdf

[10.11]

Datasheet: Hammond Power Solutions RM0008N15E, 1.5 mH, 8 A, 60 Hz,
3 Phase
http://www.hammondpowersolutions.com/products/locate_by_product/lin
e_reactors/rm_line_reactor.php

228

11 LABORATORY EVALUATION AND
MICROGRID OPERATION
The simulation models are adapted to work with the laboratory experimental
equipment. The control algorithms are tested in a physical working environment
operating in real-time in a system limited to 10 kW operation. The laboratory
equipment is validated in an incremental fashion to ensure each part is constructed
and configured correctly. Once the equipment and control algorithms are tested the
completed system is connected to the grid (campus distribution network). The
operation of the control algorithms has been validated on the physical hardware
under different test scenarios.

11.1 Experiment Plan and Setup
The experimental plan is followed in an incremental manner to evaluate the
controller. Initially the hardware platform is tested to confirm the construction of
the laboratory equipment and the interface to the control platform. The sensors and
interface to the interconnection equipment rack are checked using the open-loop
operating mode. The next step is to examine the controller start-up and transition
to island operation. The voltage regulation of the controller is validated.
Next the synchronization algorithm in the controller is tested to verify that the
island microgrid is brought into phase with the simulated grid. The transition
between connection states is evaluated (both island to grid connected and grid
connected to island operation). The grid connected operation of the controller is
evaluated with regards to the different grid connected supervisory modes. The
protection of the microgrid is tested prior to the connection to the true grid.
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Figure 11-1 dSPACE Control Platform

Figure 11-2 Inverter Platform
Figure 11-3 Interconnection
Equipment Rack

11.1.1 Control Platform
The control platform is integrated with the inverter and interconnection rack to
bring the sensor information into the control algorithm.

The system is also

instrumented with additional signals to allow operation of the system to be
validated. The dSPACE control platform is shown in Figure 11-1. The inverter
platform is shown in Figure 11-2. The interconnection equipment rack is shown in
Figure 11-3.
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11.1.2 Simulated Grid Connection
The simulated grid connection testing utilizes a controllable supply to act as the
grid. The tests are used to validate the control algorithms and to examine operation
under specific grid conditions such as under/over voltage and over/under
frequency. Another aspect of these tests is to verify the hardware interactions
between the interconnection rack and the inverter. For these tests it is important
that the inverter references are always set bellow the load level. The inverter must
not send power to the controllable supply which can only source power and is
unable to sink (consume) power. For these tests the fuel cell can be replaced with a
controllable DC power supply representing an Ideal Source.

(a) Vp vs. Vs

(b) Vp vs. Vs (Inverted)

Figure 11-4 Primary vs. Secondary Line-to-Line Phase A Voltage
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11.1.3 Experimental Control Algorithm Changes
The controller used during the lab experiments was modified from the model
validated in simulation. One change was to accommodate the 150° phase shift
introduced by the transformer versus the simulated 30° phase shift. The phase shift
between the primary and the secondary line to line voltages for Phase A are shown
in Figure 11-4.
Another change was to reflect the imbalance in the turns ratio between the phases
of the step-up transformer. The algorithm also required updates to accommodate
the differences between the simulation environment (compiler/libraries) and the
real-time control environment. These changes are discussed in Appendix H.

11.2 Equipment Validation
The initial testing of the lab equipment is to validate the experimental setup. The
first device validated was the interconnection protection rack which can be divided
into various sub-systems and interfaces. A simple grid is constructed using the
Interconnection Equipment Rack and Test Equipment as shown in Figure 11-5.

Figure 11-5 Initial Simple Test Grid
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11.2.1 Interconnection Equipment Rack
The following components are validated:
Auxiliary Power Supply: verify 24 VDC output from the 120 V supply
Current Sensor / Power Supply: verify the +/- 15 VDC output
Contactor: verify operation of the auxiliary contacts
Grid & PCC Breaker: verify operation of the auxiliary contacts
Disconnect: verify operation of the auxiliary contacts
Power Meter: Power up test and verify meter matches desired configuration
settings using the front panel
Intertie Relay: Power up test and Built-in test and verify relay matches
desired Configuration using the PC consol tool connected to the relay using a
RS-232 interface
11.2.2 Test Equipment
The following test equipment is validated:
Programmable Load: Wiring harness, Configuration / software setup
Programmable Supply: Continuity test from supply to load (close breaker,
disconnect and contactor). Verify A, B, C, N, G
11.2.3 Power Circuit
The validation of the power circuit checks that the connection from load to supply is
correct and safe to use. The Power Stage tests check the main power circuit in the
PCC rack for line-to-line, line-to-neutral and line-to-ground fault conditions. The
test is to confirm power flow from the grid side connection to the micro-grid side
connection. While performing the power stage test, the calibration and scaling of
the current and voltage sensors for the meter and relay are validated.
The initial display testing will not be able to validate current flow towards the grid.
The tests are to check on the accuracy of the displayed values and available power
values using the meter console and intertie communication utility. The display of
the following parameters are validated:
Grid Voltage & Current (A,B,C) – voltages for both line-to-line and line-toneutral;
kW, kWh, kVAR, kVA, kVAh;
Voltage & Current THD;
Power Factors; and
Frequency.
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11.2.4 Interconnection Equipment Rack to dSPACE Interface
The test configuration shown in Figure 11-5 was used to verify that all of the control
signals from the PCC are received and correctly scaled by the dSPACE control
platform. The digital signals (see Figure 10-4) are checked to ensure that the logic
levels are correct and respond to the change of state of breakers, isolators and the
contactor. The analog input signals measure the synchronization voltage shown in
Figure 10-5 from the controllable supply (representing the grid) and are checked to
be correctly scaled for each of the phases.
11.2.5 Microgrid Power Circuit
The microgrid power circuit was assembled and the load sensors were installed to
measure all current supplied to the loads (both electronic and resistive load banks).
The current load sensors for each phase are interfaced with the dSPACE control
platform and correctly scaled. The power circuit connects the inverter output to the
load. As well the microgrid side of the PCC is connected to the load. The Fluke 434
Power Meter is installed at the load to provide detail analysis of the power flow on
each phase (including the neutral). Similarly a Fluke 43B power meter is installed at
the inverter output terminals and another power meter is installed at the grid
terminals.

11.3 Open-Loop
The initial validation testing involved operating the microgrid disconnected from
the grid in Open Loop control mode. This provided an opportunity to validate the
operation of the inverter and verification of the inverter sensors. The new gate
drivers and modified control algorithm were tested under full load operation with
both the test DC Source and the Nexa Power Module.

A user interface was

constructed using the Control Desk software to observe the system input sensors
(analog and digital) as well as computed values (such as frequency). The sensor
interface is shown in Figure 11-6.
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Figure 11-6 Control Desk Sensor Diagnostic Display

Figure 11-7 Black Start Reference
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11.4 System Start-Up (Black Start)
The grid source is not present during the system start-up testing. The microgrid is
placed in an intentional island configuration by opening the isolator located in the
Interconnection Equipment Rack. The analog output channels provided by dSPACE
are utilized as diagnostic ports to provide access to the controller’s internal signals.
During Black-Start validation the internal reference signals are monitored as well as
information displayed on the supervisory user interface. The reference signals seen
in Figure 11-7 show the system startup. The Black Start enable control signal forces
the black start reference to be the active reference during system start-up.

Figure 11-8 Island Operation Experiment Setup

11.5 Island Operation
The island mode of operation is responsible for regulating the voltage and the
frequency for the microgrid. The voltage and current waveforms are examined as
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well as the power quality at different load levels. The island operation setup is
shown in Figure 11-8 where the Isolation switch in the Interconnection Equipment
Rack remains open to disconnect the grid from the ac bus.
The microgrid is operated with both the ideal source (DC Supply) and the Nexa Fuel
Cell Power Module. The load and inverter output power were measured for a
variety of power levels. The microgrid operational data shown in Figure 11-9 was
collected at the load using the Nexa Fuel Cell for a load level of 450 W.

Figure 11-9 Island Power Analysis at Load=450 W using Fuel Cell Source
11.5.1 Island Frequency Regulation
The performance of the voltage regulator with regards to maintaining the 60 Hz
reference frequency is shown in Figure 11-10. The frequency was collected for
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various load levels for both the fuel cell and the ideal sources. The frequency did not
drift from the reference for the load levels measured.

Figure 11-10 Island Frequency
Regulation

Figure 11-11 Island Voltage Regulation
(Secondary)

11.5.2 Island Voltage Regulation
The performance of the voltage regulator to maintaining the primary voltage
reference with respect to the resulting secondary voltage is shown in Figure 11-11.
At each load level the secondary voltage for each phase is examined. The secondary
voltages were collected for various load levels for both the fuel cell and the ideal
sources. The deviation from the 120 Vrms (secondary) target is seen to increase with
load.

The regulator maintains the secondary voltage to within acceptable

tolerances.
11.5.3 Island Load Power Change
The island microgrid is initially operated at a power level of 300 watts and then the
load was increased by 150 watts. The voltage regulation of the island controller is
shown in Figures 11-12 (Voltage) which shows no variation in voltage when the
load changes. The current change due to the increased load is shown in Figure 1113.

Both the current and voltage waveforms reflect the harmonic content

introduced by the inverter.
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Figure 11-12 Island Voltage with Load Change

Figure 11-13 Island Current with Load Change
11.5.4 Island Power Quality
The voltage and current harmonics under island operation are shown for different
load levels for both the fuel cell and ideal source. The voltage harmonics are shown
in Figure 11-14 and meet the THD target of 5% for loads above 400 Watts. The
current harmonics are shown in Figure 11-15. The current THD meets the target of
8% except for the fuel cell 150W power level which is likely a problem related to the
ability of the current sensor to measure the low current level at low power in the
noisy environment. From Figure 11-9 the secondary voltage contains harmonic
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content but the fundamental is shown in the phasor diagram for each phase is
measured.

Figure 11-14 Island Voltage Harmonics

Figure 11-15 Island Current Harmonics

Figure 11-16 Simulated Grid Connection Experimental Setup
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11.6 Synchronization
The synchronization validation utilizes the experimental setup shown in Figure 1116. The grid power is recorded by placing a power sensor directly on the fuses
located within the PCC as shown in Figure 11-17. The simulated grid source is used.
The analog output channels provided by dSPACE are used to monitor the internal
synchronization control signals. As well, the dSPACE data logging function is used to
log data triggered on a change in connection state.

Figure 11-17 Fluke Probes to Measure the Grid Power
The synchronization validation examines each of the steps of the synchronization
operation. The synchronization process begins with the initial detection of the grid
using the synchronization sensors while disconnected from the grid (island). The
detection of a valid grid initiates the frequency tracking algorithm which adjusts the
island frequency to achieve synchronization.

Another synchronization scenario

explored is the formation of an intentional island which also requires that the island
maintain synchronization with the grid. Finally the formation of an island due to the
loss of the grid is examined with the island’s eventual return to grid connection once
the grid becomes valid again.
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Figure 11-18 Start of Grid Synchronization
11.6.1 Grid Presence Detection
The synchronization process begins with the detection of the grid using the grid
sensors. The Grid Available signal (seen in Figure 11-18) initiates the tracking
algorithm which is shown in the phase change occurring in the tracking reference.

Figure 11-19 Synchronization Phase A Voltage - Grid and Secondary
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11.6.2 Island to Grid Connection
Once a valid grid signal has been detected the tracking algorithm initiates its control
function to migrate the active voltage reference to be in-phase with the grid. The “In
Sync” signal (Figure 11-18) is an internal signal that indicates that the tracking
algorithm has brought the island to within an acceptable phase difference with the
grid. In the example shown in Figure 11-19, the Phase A voltage meets this criteria
within 254.5 ms and reduces the phase difference to approximately zero within 400
ms of detecting a valid grid synchronization signal. Additional examples of different
synchronization attempts are shown in Figure 11-20.

Figure 11-20 Examples of Synchronization Attempts for Each Phase
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Figure 11-21 Island to Grid Tracking Operation Frequency Adjustment

The operation of the tracking algorithm is shown in Figure 11-21 which is a user
interface constructed using Control Desk used to capture the synchronization
signals on a change of state based on either the Grid Available or Grid Connected
indicators. The adjustment of the island frequency (ωtisland) to match the grid
frequency (ωtgrid) is shown at the bottom of the figure. Over time the raw delta
(difference between grid and island frequencies) approaches zero. The resulting
tracking reference frequency (ωttrack) is shown at the top of the figure. Another
diagnostic user interface was constructed to observe the island voltage reference
signals.

The reference tracking signal is created from ωttrack and the voltage

magnitudes extracted from the grid sync sensors.

The action of the tracking

algorithm can be seen in Figure 11-22. The sync tracking shown in Figure 11-22
represents a tracking algorithm with a large gain resulting in faster synchronization
performance of approximately 0.25 s when compared to Figure 11-21 of over 0.5 s.
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(a) Frequency Adjustment

(b) Island Reference Phase Shift

Figure 11-22 Island to Grid - Voltage Reference Adjustment

11.6.3 Grid Connection
11.6.3.1 Intertie Closing
The closing of the intertie relay completes the grid connection. The controller
operation at the point of the closing of the relay is shown in Figure 11-23. The
controller does not show any adjustment to the frequency and the island frequency
remains in-synch with the grid.
11.6.3.2 Grid Idle
The default grid connected control mode is called “Grid Idle” where the inverter
output power is set to zero. One of the functions of the grid idle controller is ease
the transition from Island operation to grid connected operation. The controller
changes from providing full support for the load (in island operation) to zero
support once the grid is connected. The idle controller calculates its initial current
references to be 90% of the load at the time of the grid connection and slowly
decreases the inverter output current to zero. The transition to Grid Idle is shown
from a power perspective in Figure 11-24. The zoomed in view of the DC power
shows the input power decreasing over a 295 ms interval.
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(a) Frequency Adjustment

(b) Power Flow

(c) Control Information

(d) Sensor Information

Figure 11-23 Island to Grid Connection Operation
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(a) Real Power (P) References and Output

(b) Reactive Power (Q) References and
Output

(c) DC Power (Zoomed In View)

Figure 11-24 Island to Grid Connected (Idle) Power Change
11.6.4 Grid Connection to Intentional Island
The formation of an intentional island requires the tracking algorithm to be
engaged. The intentional island is formed by opening the isolation switch. When
the isolation switch is used to form the island, the grid sensors continue to provide
valid synchronization signals. The important consideration here is the transition
from current control (grid connected) to voltage control (island) which requires the
generation of “fresh” reference signals. The generation of the frequency reference is
shown in Figure 11-25 (using a slow controller). The faster controller with the
higher gain is shown in Figure 11-26. An initial large adjustment is required to
bring the frequency reference to be in-sync with the grid. The synchronization
process quickly brings the island into phase with the grid. The disturbance due to
the change-over to island operation can be seen in Figure 11-26 in the brief
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variation in the secondary voltages. The new island reference signals are also
shown in Figure 11-26.

Figure 11-25 Grid to Island Tracking Operation Frequency Adjustment

248

(a) Frequency Adjustment

(b) Reference Generation

(c) Operational Status

(d) Sensor Information

(e) Power Flow

Figure 11-26 Grid to Island Transition
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11.7 Grid Connected Operation
The fundamental grid connected operation is current control such that the inverter
current follows a reference signal created by a supervisory operation. The testing of
the grid controller is validated in each of the grid connected modes of operation.
The initial validation is with the Peak Shaving operation enabled using the test setup
shown in Figure 11-16. The controller is tested under load changes and under
reference changes. Since the voltage and frequency are maintained by the grid they
are not shown so the validation focuses on the power measured at the grid, load and
inverter.
Table 11-1 Peak Shaving Power Flow (Reference = 1W)
Load
W
150
300
450
600
750

Load
var
10
10
10
20
20

Inverter
W
130
270
410
560
700

Inverter
var
30
30
30
20
30

Grid
W
10
10
10
10
10

Grid
VAR
30
30
20
30
20

Table 11-2 Peak Shaving Power Flow (Reference = 800W)
Load
W
150
300
450
600
750

Load
var
10
10
10
20
20

Inverter
W
0
0
0
0
0

Inverter
var
20
20
30
30
30

Grid
W
150
300
450
600
750

Grid
VAR
30
30
40
40
40

11.7.1 Current Change due to Load Change & Reference Change
The current controller changes operation in response to a combination of the load
and the peak shaving threshold reference.

Changes to either the load or the

reference can have an impact on the output current from the inverter. The three
phase inverter output current is shown in Figure 11-27 for a load change and for a
reference change.
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(a) Load Change from 450W to 1050W
with Reference = 500W

(b) Reference Change from 800W to 1W
with Load = 300W

Figure 11-27 Peak Shaving Current After Load and Reference Changes

Load

Inverter

Grid

(a) Load = 450W, Reference = 1 W

(b) Load = 450W, Reference = 800 W

Figure 11-28 Peak Shaving Power Delivery
11.7.2 Power Flow due to Load and Reference Changes
The peak shaving validation is focused on the grid controller’s ability to follow the
commanded power reference. Tables 11-1 and 11-2 summarize the peak shaving
performance for different loads under two reference power levels.

The first
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reference is set to 1W, which will result in the inverter providing all support for the
load and the grid providing none. The second reference level is at 800W which will
result in the grid providing all load support and the inverter providing none. The
power meter displays for a load level of 450W is shown in Figure 11-28. The meter
displays show the grid providing load support for Peak Shaving Reference = 1W (0
VAR) and the inverter providing load support for Peak Shaving Reference = 800W (0
VAR).

(a) Reference Change From 1W to 800W,
Load = 600W

(b) Reference Change From 800W to 1W,
Load = 600W

Figure 11-29 Peak Shaving Power Flow Due to Reference Change
The determination of the current references in the Peak Shaving operating mode is
dependent on both the load and the peak shaving reference. In Figures 11-29 and
11-30 the red line represents the real power (P) and the green line represents the
reactive power (Q). The reference plot is the commanded power level which is
directly related to the commanded current levels provided to the grid connected
current controller. The power flows resulting from a change in the peak shaving
reference are shown in Figure 11-29. The power flows resulting from a change in
the load are shown in Figure 11-30.
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(a) Load Change From 600W to 900W,
Reference = 1W

(b) Load Change From 900W to 600W,
Reference = 1W

(c) Load Change From 300W to 450W,
Reference = 800W

(d) Load Change From 450W to 300W,
Reference = 800W

Figure 11-30 Peak Shaving Power Flow Due to Load Change
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11.7.3 Power Quality
The measurement of the current controller performance is generally quantified in
terms of power quality. The total harmonic distortion (THD) for both voltage and
current wer measured for a load at various load levels for the two operating
extremes: “Inverter” indicating that the load is supported fully by the inverter
output (Reference=800W) and “Grid” indicating that the load is supported fully by
the grid (Reference=1W). The controller THD performance is shown in Figure 1131. The voltage THD is very good as expected since the voltage is regulated by the
grid. The current THD for the most part is below 1%. The power quality is expected
to be similar for all modes since the current controller algorithm is the same for all
grid connected modes.

Figure 11-31 Peak Shaving THD for Reference = 1W and 800W

11.8 Island Detection
The main protection mechanism for the grid connection is performed by the intertie
relay which is used to detect conditions that can lead to the intentional formation of
an island. In order to trigger the intertie relay the grid conditions must be changed
to cause a protective function to be engaged. The protective function experiments
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validate the configuration and operation of the intertie relay.

The following

protective functions are tested:
-

Under-voltage trip (27);
Over-voltage trip (59);
Under-frequency trip (81U); and
Over-frequency trip (81O).

Using the test setup shown in Figure 11-16 the controllable supply can be adjusted
to set operating conditions for the grid that will cause the protective functions in the
intertie relay to operate. The intertie relay trips opening the three phase contactor
in the PCC separating the microgrid from the grid forming an island.

Figure 11-32 Intertie Relay Configuration - Frequency (81)
The nominal operating condition as seen by the intertie relay is shown in Figure 1133. The voltage sensed values are displayed as “secondary” where the nominal 120
Vrms is scaled to a value of 12.45 Vrms by the PT sensor. The relay “primary” display
shows sensed values as full scale values.
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(a) Initial Relay Secondary Monitoring

(b) Initial Relay Primary Monitoring

Figure 11-33 Beckwith M3520 Initial Sensor Monitoring
11.8.1 Frequency Trip
The intertie relay is configured with the frequency thresholds as shown in Figure
11-32. To verify the frequency trip points and time to trip settings, the frequency of
the grid is changed at a rate no faster than 0.5 Hz/s to the desired trip points. The
frequency of the simulated grid is increased until the Over Frequency function is
tripped. After restoring the frequency the relay will reclose the grid connection.
The test is repeated for the Under Frequency function. The power values at the time
of the relay trip are captured and recorded in Table 11-3.
11.8.1.1 Island Formation – Over Frequency
The island is formed when the frequency of the grid rises to 380.7 rad/s. When the
grid frequency drops to 376.2 rad/s the intertie relay recloses returning the system
to a grid connected state.

The operation of the intertie relay and microgrid

controller is shown in Figure 11-34. The breaker status is shown to change to an
OPEN state and back to a CLOSED state. The Contactor indicator changes to ‘red’
and then back to ‘green’ as the Connected indicator changes to Island (red) and
back to Grid Connected (green). The contactor is connected to output 7 which is
seen to change state.
11.8.1.2 Island Formation – Under Frequency
The island is formed when the frequency of the grid drops to 373.5 rad/s. When the
grid frequency rises to 375.7 rad/s the intertie relay recloses returning the system
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to a grid connected state.

The operation of the intertie relay and microgrid

controller is shown in Figure 11-35.

Over Frequency Trip

Over Frequency Return

(a) Intertie Relay Monitor Display

(b) Controller Supervisory Interface, Reference=800W, Load=450W

Figure 11-34 Over Frequency Protection Operation
11.8.2 Voltage Trip
To verify the voltage trip points and time to trip settings the grid voltage was raised
and lowered to values outside the normal valid range. The voltage levels for all
three phases are adjusted together. The intertie relay is configured with the voltage
thresholds as shown in Figure 11-36. Note that the threshold values are based on
the secondary voltage levels (120 Vrms = 12.45 Vrms). The power values at the time
of the relay trip are captured and recorded in Table 11-3.
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Under Frequency Trip

Under Frequency Return

(a) Intertie Relay Monitor Display

(b) Controller Supervisory Interface, Reference=800W, Load=450W

Figure 11-35 Under Frequency Protection Operation
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Figure 11-36 Intertie Relay Configuration – Over (59) / Under (27) Voltage

Over Voltage Trip

Over Voltage Return

(a) Intertie Relay Monitor Display

(b) Controller Supervisory Interface, Reference=800W, Load=450W

Figure 11-37 Over Voltage Protection Operation
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11.8.2.1 Island Formation – Over Voltage
The island is formed when the voltage of the grid rises to 13.0 (for at least one of the
phases). The grid connection returns when the voltage for all phases drops below
13.0. The action of the intertie relay for an over voltage scenario is shown in Figure
11-37.

11.8.2.2 Island Formation – Under Voltage
The island is formed when the voltage of the grid decreases to 11.0 (for at least one
of the phases). The grid connection returns when the voltage for all phases recovers
to be above 11.0. The action of the intertie relay for an over voltage scenario is
shown in Figure 11-38.

Under Voltage Trip

Under Voltage Return

(a) Intertie Relay Monitor Display

(b) Controller Supervisory Interface, Reference=800W, Load=450W

Figure 11-38 Under Voltage Protection Operation
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11.8.3 Non-Detection Zone
The non-detection results are measured for a load of 450W operating in grid
connected operation with peak shaving enabled and a reference power level of 1W
(0 var). The load and inverter real and reactive power are measured at the point the
intertie relay trips to island operation for over/under voltage conditions as well as
over/under frequency conditions (see Table 11-3).

The non-detection zone is

discussed in Section 3.4.6. The ∆Q is calculated for the difference between load and
inverter reactive power at the time the over/under frequency trip occurs. The ∆P is
calculated for the difference between the inverter and load real power at the time
the over/under voltage trip occurs. The ∆Q and ∆P values define the NDZ region is
illustrated in Figure 11-39.

Figure 11-39 Microgrid Non-Detection Zone
The over voltage trip event occurs at 126.5 Vrms and the under voltage trip event
occurs at 103.6 Vrms. The over frequency trip event occurs at 60.57 Hz (380.7 rad/s)
and the under frequency trip event occurs at 59.36 Hz (373.1 rad/s).
The passive island detection is based on the performance of the intertie relay and
the set points configured in the relay. With the grid connected controller working in
current control operation, changes in frequency and voltage are solely in response
to changes to the grid. When the grid is lost, it is unlikely the frequency and voltage
will remain unchanged. As a result the NDZ will be minimized.
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Table 11-3 Island Detection

Case
Under Frequency
Over Frequency
Under Voltage
Over Voltage

Tripped Inverter
Power
P
Q
452
3
455
3
459
1
470
1

Tripped Load
Power
P
Q
450
-1
452
-1
456
-1
468
-1

Figure 11-40 Campus Grid Connection Experimental Setup

11.9 Campus Grid Connection Testing
11.9.1 Campus Grid Connection
The test system is physically connected to the university power distribution system
to validate the operation of the system under ‘real’ world conditions (see Figure 1140). NOTE: It is important to understand that this test must be performed with all
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considerations towards safe operation during experimentation to protect lab and
campus equipment as well as personnel. This requires the use of proper connectors
and cables sized for the maximum current rating at 10 kW. The intertie relay must
be configured and enabled.
11.9.2 Synchronization
The synchronization process that the island controller utilizes to join the real grid is
shown in Figure 11-41. The process to transition from grid connected to island
operation using the real grid is illustrated in Figure 11-42. The synchronization
process for the campus grid is similar when compared against the simulated grid
(programmable 3 phase supply) examined in Section 11.6.
11.9.2.1 Connect to Grid (Peak Shaving)
The controller is setup to operate in Peak Shaving Mode with the reference set to
800W and Load=300W. This can be seen in Figure 11-41(c) where the Grid power =
320W, Inverter = -21W providing for the load = 306W.
11.9.2.2 Loss of Grid
The transition to island operation is caused by the drastic action of forcing the grid
to disappear by physically disconnecting the grid.

The isolator at the grid

connection is opened to simulate a grid failure (black-out). The intertie protection
relay will detect an under-voltage condition opening the PCC contactor. The island
controller will not have valid grid sensors and so will need to rely on internally
generated reference signals (Figure 11-42).
11.9.2.3 Return of Grid
By closing the grid isolator switch the grid connection is returned which will allow
the controller to transition from island operation to grid connected operation. The
grid sync sensor is restored initiating the synchronization process. At the same time
the intertie relay will initiate reclosing once a valid grid voltage has been detected
(no longer under voltage).
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(a) Frequency Adjustment

(b) Power Flow

(c) Control Information

(d) Sensor Information

(e) Sensor Currents & Voltage

(f) Control References

Figure 11-41 Island to Campus Grid Connect
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(a) Frequency Adjustment

(b) Reference Generation

(c) Operational Status

(d) Sensor Information

(e) Power Flow

(f) Sensor Waveforms

Figure 11-42 Loss of Campus Grid – Transition to Island

265
11.9.3 Export
The export operation is similar in function to the curtailment operation and peak
shaving with a reference set to 1 W with the added requirement of supplying a
predefined amount of power to the grid. As the load changes the amount of power
being sent to the grid remains constant. In this mode current (power) will flow into
the grid.

Figure 11-43 Export Power Analysis using an Ideal Source

11.9.3.1 Power Quality
The 3 phase power meter (Fluke 434) is installed on the grid connection to examine
the power flow to the grid (shown in Figure 11-43). The export power reference is
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set to 450W and the load is set to 150W. The current THD is observed to be under
2% for each phase.
11.9.3.2 Inverter Output
The microgrid operating in export mode with load = 150W and the Reference =
450W is shown in Figure 11-44. The negative value for the grid power indicates
that power flow is towards the grid (P=-433W, Q=-23VAR) with the Load=152W
and the inverter output generating 589W/-18VAR.

Figure 11-44 Export Mode Power Flow, Load=150W, Reference=450W

11.9.3.3 Controller Waveforms
Using the Control Desk application the measured current and voltage waveforms as
seen by the control sensors are displayed (Figure 11-45). The figure shows good
regulation of the primary current (Ip) and the corresponding secondary current (Is).
The current measured at the load (I load) the primary voltage (Vp) are also shown.
The primary voltage regulation is performed by the grid.
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11.9.3.4 Power Flow due to Load and Reference Changes
The operation of the microgrid for the export mode with regards to the measured
power at the load, inverter and grid is shown in Figure 11-46. The power flow
resulting from changes to the load and changes to the export reference are shown.
The grid power is shown to match the export reference value. The inverter output
provides load support as well as sending the desired reference power to the grid.

Figure 11-45 Export Sensor Waveforms (Reference=450W, Load=150W)
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Load

Inverter

Grid

(a) Load = 150 W, Reference = 150 W

(b) Load = 150 W, Reference = 150 to 450 W

(c) Load = 150 to 450 W, Reference = 150 W

Figure 11-46 Export Power Delivery

11.9.4 Long Term Operation
The microgrid operating in Export mode was continuously operated for 35 minutes
while the grid power meter was in Energy mode accumulating the power readings.
The resulting energy transferred to the grid is shown in Figure 11-47 which
indicates that a total of 250 Wh and 18 VARh were provided to the grid for the
duration of the experiment.
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Figure 11-47 Energy Export, Load=150W, Reference=450W

11.9.5 Curtailment
The curtailment validation involves verifying that the grid connected controller can
respond to load changes. The goal of curtailment operation is to ensure that no grid
power is used by the load, with all power supplied by the inverter. When the
curtailment operation is enabled, the grid power goes to zero and the inverter
generates sufficient power to service the load. As the load changes from 300W to
450W the inverter power changes while the grid power remains at zero (Figure 1148).
Load

Inverter

Figure 11-48 Grid Connected - Curtailment

Grid
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12 COMPARISON BETWEEN
SIMULATED AND LABORATORY
MICROGRIDS
The microgrid implemented in the laboratory is compared to the operation of the
simulated microgrid. The control algorithm functioned as expected on the real
hardware which indicates that simulation model was a good representation of the
real equipment. The synchronization reference signals and voltage waveforms were
a good match between simulated and real operation. The power flow results for
both island and grid connected operation shows that the laboratory microgrid has a
similar behavior to what was seen in simulation.

12.1 Simulation vs. Laboratory Operation
12.1.1 General
12.1.1.1 Fuel Cell Model
The fuel cell model developed for the Ballard Nexa Power Module is based on a
proposed electric model.

The new electric model is shown to have a good

correlation to a theoretical mathematical model when compared against
experimental data collected from the laboratory power module.

The fuel cell

module output voltage is illustrated in Figure 4-20 and the output power in Figure
4-22.
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12.1.1.2 Open-Loop
The simulated inverter open-loop characteristic is demonstrated to be a good
representation of the laboratory inverter equipment (see Figure 8-4).
12.1.1.3 Black-Start
The simulation model was also shown to be a good match with the laboratory
experimental setup with regards to system start-up. The black start voltage and
frequency references generated on the experimental equipment (Figure 11-7)
matched well the simulated start-up shown in Figure 8-20.
12.1.2 Synchronization
The detailed analysis of the synchronization process done in Section 8.7 is validated
on the experimental microgrid setup. The simulation reference signals generated
during the synchronization window, as shown in Figure 8-20, are similarly observed
during the synchronization of the experimental controller (Figure 11-18). As well,
the resulting phase adjustment of the primary voltage to match the grid voltage
(shown in simulation Figure 8-21) has been demonstrated to behave as expected on
the experimental equipment (Figure 11-20).

The phase adjustment technique

illustrated in simulation in Figure 8-22 has been reproduced on the experimental
equipment as shown in Figure 11-21 and 11-22. The synchronization process
performed as expected on the experimental equipment.
12.1.3 Island Operation
The island controller performance with regards to frequency and voltage regulation
is demonstrated on the experimental equipment and seen to follow the island
references within an acceptable tolerance as illustrated in Figures 11-10 and 11-11
as had been shown initially in simulation. The island operation of the microgrid did
not differ when using the ideal source or the fuel cell source.
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12.1.4 Grid Connection Transitions
12.1.4.1 Island to Grid Connected Operation
The transition from island operation to grid connected operation was simulated in
Section 9.1.2. The results from the experimental microgrid were shown in Section
11.6.2 to operate in a similar fashion to what was seen in simulation. The power
flow figures show the transition of load power coming from the fuel cell to being
provided by the grid.
12.1.4.2 Grid Connection to Island Operation
The transition from grid connected operation to island operation is simulated in
Section 9.1.3. The experimental results from this experiment are shown in Section
11.6.4.

The island references produced by the experimental controller after

transitioning from a grid connected state has been examined in detail and shown to
reach steady-state within an acceptable time frame. The disturbance to the load
voltage is for a brief duration of 200 msec.
12.1.5 Grid Connected Operation
12.1.5.1 Peak Shaving
The experiments utilizing the peak shaving algorithm showed that the grid
connected operation (current control) performed well in simulation (Figure 9-13)
as well as on the experimental equipment (Figure 11-29 and 11-30). The power
provided by the grid is limited to the specified reference level.
12.1.5.2 Export
The experimental setup when connected to the real grid allowed the microgrid
controller to send power into the utility (campus distribution network).

The

operation of the export controller as shown in simulation (Figure 9-12) matches the
operation of the controller observed during the laboratory experiments (Figure 1144).
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12.1.5.3 Curtailment
The grid connected curtailment operation in simulation (Figure 9-11) was
reproduced on the experimental setup as shown in Figure 11-48. The grid output
was kept to 0W with the inverter provided all load support while grid connected.

Table 12-1 Ideal Source Based Microgrid Power Quality Comparison
Configuration
Island
Load = 450 W
Island
Load = 750 W
Grid Connected (Peak)
Load = 500 W
Inverter = 300 W
Grid Connected (Peak)
Load = 800 W
Inverter = 600W / 400W
Grid Connected (Peak)
Load = 300 W
Ref = 1W
Grid Connected (Peak)
Load = 600 W
Ref = 1W
Grid Connected (Peak)
Load = 300 W
Ref = 800W
Grid Connected (Peak)
Load = 600 W
Ref = 800W

Simulation

Experimental Results

Voltage THD (%)

Current THD (%)

Voltage THD (%)

Current THD (%)

9.3

9.1

5.2

5.3

6.0

5.9

4.1

4.1

1.7

1.75

-

-

1.3

1.4

-

-

-

-

0.1

0.8

-

-

0.1

0.5

-

-

0.2

0.8

-

-

0.2

0.5

12.2 Power Quality Comparison
12.2.1 Power Quality – Ideal Source
The power quality for the simulated operation of the microgrid using an ideal
source can be compared against the measured power quality of the experimental
microgrid. The total harmonic distortion (THD) observed in both island and grid
connected modes of operation are shown in Table 12-1. From this comparison the
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microgrid control was able to meet its control objective of maintaining THD for both
current and voltage under 5% only in the grid connected mode of operation. During
island operation the simulation shows a THD close to 9% for voltage and around 6%
for current.
12.2.2 Power Quality – Fuel Cell Source
The power quality for the simulated operation of the microgrid can be compared
against the measured power quality of the experimental microgrid.

The total

harmonic distortion (THD) observed in both island and grid connected modes of
operation are shown in Table 12-2. From this comparison the microgrid control
met its control objective of maintaining THD for both current and voltage under 5%.

Table 12-2 Fuel Cell Based Microgrid Power Quality Comparison
Configuration
Island
Load = 450 W
Island
Load = 750 W
Grid Connected (Peak)
Load = 500 W
Inverter = 300 W
Grid Connected (Peak)
Load = 800 W
Inverter = 600W / 400W
Grid Connected (Peak)
Load = 300 W
Ref = 1W
Grid Connected (Peak)
Load = 600 W
Ref = 1W
Grid Connected (Peak)
Load = 300 W
Ref = 800W
Grid Connected (Peak)
Load = 600 W
Ref = 800W

Simulation

Experimental Results

Voltage THD (%)

Current THD (%)

Voltage THD (%)

Current THD (%)

8.4

5.5

4.8

4.9

8.3

5.8

3.8

3.9

1.8

1.85

-

-

1.65

1.7

-

-

-

-

0.1

0.8

-

-

0.1

0.5

-

-

0.2

0.8

-

-

0.2

0.5
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12.3 Island Detection
The practicality to simulate the algorithms in the intertie relay was limited. The
behavior of the system during the controller mode transitions was simulated and
verified with the laboratory setup. The operation of the actual intertie relay was
validated and the microgrid controller’s ability to ride-through grid disturbances
(over/under frequency and over/under voltage) was demonstrated.

12.4 Microgrid Evaluation
A laboratory microgrid has been constructed and successfully connected to the grid.
Power exchange with the grid has been demonstrated. The microgrid operation has
been evaluated for both island and grid connected operation. The inverter power
flow has been demonstrated to follow the commanded references in the grid
connected state and follow the load in island operation. The performance of the
microgrid has been evaluated in terms of power quality and shown to meet the THD
targets.

The microgrid protection system has been exercised verifying island

detection and the ride-through capability of the control scheme. Operation of the
microgrid was not adversely affected by the unregulated nature of the fuel cell
source. The microgrid controller design and implementation has been shown to
meet the design goals and manage the challenges of a grid connected system.
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13 CONCLUSIONS
The ability to connect a microgrid to the grid is an important step in the
development and evolution of the modern power system. The power system is
changing due to pressures from regulators, customers and the aging of the electrical
infrastructure we call the grid. One solution to these concerns is the adoption of
microgrids interfaced with the grid. The principle objectives of this research are (1)
to simulate a simple microgrid consisting of a PEM hydrogen fuel cell, load and
connection to the grid and (2) to demonstrate the resulting microgrid control
system on a corresponding experimental microgrid.
The microgrid simulation demonstrated that the control algorithms can operate the
microgrid in both islanded (VSC with voltage and frequency regulation) and grid
connected (VSC with current control for power transfer) states as well as manage
the transitions among connected states. The simulation environment exercised the
system under a variety of scenarios and followed the control references with good
power quality.
The experimental laboratory microgrid is constructed and operated in real-time
using the same control algorithm developed and validated in the simulation work.
The microgrid controller is able to perform its black start and manage transitions
between island and grid connected modes of operation.

The synchronization

method that adjusted the island microgrid to become in phase with the grid tracked
well under steady state and load changing conditions. The tracking algorithm
brought the island to be in phase with the grid within a time range of 25 to 400
msec. An examination of the power flow graphs for both island and grid connected
operation shows that the laboratory microgrid matches the simulated results. The
power quality of the experimental microgrid met THD targets.
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Passive island detection was demonstrated with the transition to island operation
when an under frequency event occurred and returned to grid operation with the
restoration of the grid frequency. Similarly, over frequency as well as the over and
under voltage protection functions were exercised.

The microgrid protection

system was measured in terms of its non-detection zone. Finally, the supervisory
user interfaces developed using the Control Desk application worked extremely well
and provided valuable insight into the real-time operation of the controller.
The creation of a grid connected microgrid is a significant achievement and an
important milestone for microgrid research within the research group.

The

facilities established for this research will be utilized in ongoing investigations of the
problems faced in the control and instrumentation of microgrids. The techniques
used to evaluate the operation of the microgrid will be useful for future microgrid
investigations.

Future research into the issues of connecting multiple sources

together will benefit from this research effort with regards to methodology used for
the synchronization with the grid. The electric model for the fuel cell power module
will be a useful tool for future power studies involving the fuel cell.

13.1 Contributions
The following contributions have been made as part of this research work:
-

An extensive simulation model has been built and validated for a simple
grid connected microgrid achieving the total harmonic distortion targets;

-

An experimental research microgrid has been constructed and tested
providing a facility for future microgrid research;

-

A synchronization algorithm providing the ability for an island microgrid
to adjust its phase and magnitude to match the grid has been developed,
simulated and evaluated on the laboratory microgrid;
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-

A control scheme has been developed to allow the switching between
operating modes based on the grid connected state either operating in
voltage control mode or current control mode permitting the system to
ride-through grid disturbances;

-

A supervisory controller has been developed to operate a grid connected
microgrid providing the ability to operate as an island as well as perform
peak shaving, curtailment and export functions when connected to the
grid;

-

The passive island detection strategy was demonstrated for over/under
frequency and over/under voltage conditions using a simulated grid with
a restoration of the grid connection once the trip parameter had returned
to its normal range; and

-

A theoretical and ideal model for the Nexa Fuel Cell Power Module has
been created, validated against experimental data and compared to a new
electric fuel cell model.

13.2 Suggestions for Future Research
The models and new laboratory facilities created for this research will provide many
future opportunities for research and experimentation. A variety of general fields of
investigation with respect to microgrids offer opportunities for future research:
(1) Operation of a microgrid in the presence of unbalanced conditions of load, grid
or both;
(2) Operation of the microgrid with reactive load and/or reactive power supply to
the grid;
(3) Microgrid operation with multiple sources including renewable sources
considering the impact of intermittent sources utilizing storage and a dump load
and implementing an island droop control strategy for managing multiple
generation resources with load shedding support.
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(4) Support for Ancillary Services to provide local grid voltage support and reactive
power compensation
(5) Energy Management Systems for Microgrids;
a. Load prediction and scheduling (time-of-use, load history and patterns,
weather/seasonal forecasting, generation availability, storage capacity,
etc.),
b. Smart Loads including load deferment and set-back support, and
c. Generation scheduling using prediction (including renewable sources).
(6) Integration of Storage by developing charging and discharging strategies to
utilize the bidirectional nature of single stage inverter design to support reverse
power flow through the inverter, and explore the utilization of a super-cap to
improve inverter response to power flow changes and dynamics.
(7) Smart Grid Development;
a. Communication links between the elements of the microgrid,
b. Data collection, analysis and display,
c. Integrate other data sources such as a weather station and data from the
retail market for current energy pricing, forecast load and pricing.
(8) Enhanced microgrid protection by utilizing the multi-function relay to
implement additional protective functions
(9) Fuel Cell Hysteresis consideration to enhance the Nexa Fuel Cell model to reflect
the observed hysteresis when operation changes from high load to low load
(10)

Improve the performance of the inverter by considering modifying the

sinusoidal PWM algorithm to include 3rd harmonic injection.
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ABSTRACT
The ability to connect a microgrid to the grid is an important step in the
development and evolution of the modern power system. The principle objectives
of this research are (1) to simulate a simple microgrid consisting of a PEM hydrogen
fuel cell, load and connection to the grid and (2) to demonstrate the resulting
microgrid control system on a corresponding experimental microgrid.
The microgrid simulation demonstrated that the control algorithms can operate the
microgrid in both islanded (VSC with voltage and frequency regulation) and grid
connected (VSC with current control for power transfer).
The experimental laboratory microgrid was constructed and operated in real-time
performing its black start and managed transitions between island and grid
connected modes of operation. The synchronization method adjusted the island
microgrid to become in phase with the grid and tracked well under steady state and
load changing conditions. The synchronization process brought the island in phase
with the grid within 400 ms. Passive island detection was demonstrated with the
restoration to grid operation. The grid connected voltage and current THD were
under 1%.
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14 APPENDIX A – BASIC POWER
THEORY
The following is a review of three phase power theory and the d-q reference [14.1,
14.2 & 14.3].

14.1 Background Power Theory
14.1.1 Grid Model
Assume an Ideal Symmetric Three Phase Voltage Source as shown in Figure 14-1
which is a balanced, sinusoidal waveform of constant frequency and the phases are
apart from each other by 2π/3.

Figure 14-1 Three Phase Voltage Vector
14.1.1.1 Three Phase Voltages
Vm = amplitude of the phase voltage (V)
ω = angular frequency of the voltage (rad/s)
va, vb, vc are line to neutral voltages (VLN)
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14.1.1.2 Three Phase Currents
Im = amplitude of the phase current (A)
φ = phase angle between the voltage and the current (°)
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14.1.1.3 Line-To-Line Voltages (VLL)
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14.1.2 Three Phase Power
The relationship between the real and reactive power for a three phase system can
be illustrated using the real and imaginary axis as shown in Figure 14-2.
S = Complex Power (VA)
|S| = Apparent Power (VA)
P = Real Power (W)
Q = Reactive Power (var)

Figure 14-2 Real and Reactive Power Power Triangle
 = √3   cos()

(14.13)

! = √3  

(14.15)

 = √3   sin()
 = √3   cos 

(14.14)

(14.16)

For a three phase system with balanced operation (ideal sinusoidal signals):
 =   +   +  

(14.17)
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* Note: The phase current is said to be leading the voltage if the power factor is
negative; lagging when the power factor is positive.
14.1.3 Non-Ideal Sinusoidal Waveform
The consequences of harmonics on power calculations (non-ideal sinusoidal
current) can be considered by examining the impact on the RMS current where
[14.4]:
Irms Total is the periodic non-ideal sinusoidal waveform expressed as the
Fourier transform
IO is the DC component of the current
φ1 is the displacement angle (phase lag) between the in-phase fundamental
of the current and voltage
I1 rms is the fundamental of the RMS current
θ is the distortion angle linked to the harmonic content of the current
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14.2 DQ Rotating Frame
A rotating frame is widely used in the control of three-phase power system. It has
many advantages such as a time invariant control variable, a zero state error at
steady state, and provides easy filtering and a decoupling control of real and
reactive power. The vector f rotates in a counter-clockwise direction at a constant
frequency ωo as seen in Figure 14-3 and where θ’ represents the angle from the
vector to the αβ coordinates where α and β are the orthogonal coordinates. The AC
System (source) frequency is defined and θo is the source initial phase angle.

Figure 14-3 Relationship between the Clark (αβ) and Park (dq)
Transformations
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Use the Clark (αβ) Transformation of voltage and current from the abc coordinates
to αβ coordinates:
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Use the Park (dq) Transformation of voltage and current from the αβ coordinates to
the dq coordinates:
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If we rotate the dq frame at the same frequency as the grid we get:
=

1

(14.43)

The synchronous reference frame can be transformed into the stationary reference
frame model by inserting ω = 0.
A d-q stationary frame in a three-phase system requires at least two orthogonal
variables. Assuming an arbitrary sinusoidal v(t) with a real and imaginary part, the
orthogonal variables can be expressed:
( ) = : + # R

 cos(

:R = C :F = C 
R
 sin(

(14.44)
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Similarly an arbitrary sinusoidal i(t) can be expressed in the dq frame:
( ) = : + # R
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R
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14.3 Power Calculator
The three phase power equations can be restated in the d-q frame as:

(14.47)
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VA is the apparent power (VA)
' = %(: 2 + R 2)(: 2 + R 2)

(14.50)
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15 APPENDIX B – DISTRIBUTED
GENERATION
Microgrids are one implementation of distributed generation. The following section
provides a background on distributed generation, Ontario programs for distributed
generation and the protection requirements for distributed generation systems.
Most of the issues and treatment of DG are applicable to microgrids because
microgrids are a specialized implementation of DG.

15.1 Distributed Generation Background
Distributed Generation (DG) is loosely defined as small-scale electricity generation
[15.1]. DG is also known as embedded generation. For many DG applications the
generation facility is co-located with the loads (at the point of consumption of the
energy produced). The connection can be to the transmission network, to the
distribution network or on the customer side of the meter. For many distribution
level DG applications the DG output is used by the owner/customer with any
surplus delivered to the distribution system. If the customer requires more power
than available from the DG source then power is taken from the distribution system.
When the generation and load are integrated together they can be formed into a
microgrid.
15.1.1 Distributed Energy Resources
DG can be considered a part of a wider concept called Distributed Energy Resources
(DER). This concept includes not only DG but also energy storage and responsive
loads [15.2]. The increased ‘intelligence’ in the areas of generation, storage and
loads is the driving factor behind the evolution of today’s power system
architecture.
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15.1.2 Growth of Distributed Generation
DG has become more apparent in the power system around North America for a
variety of reasons such as: an alternative to constructing large generation plants,
constraints on construction of new transmission lines and the demand for highly
reliable power. DG has become more attractive as the cost of small generation
decreases with technological innovation. The changing economic and regulatory
environment is also stimulating the growth in DG with the liberalization of
electricity markets [15.1]. Concerns over energy security and the affects of global
climate change are also factors driving policy makers in their support for distributed
generation and the development of renewable energy sources.
15.1.3 Benefits to Utilities
The following are some of the benefits that utilities receive for the installation of DG
[15.2]:
-

Transmission and Distribution (T&D) investments can be deferred if DG can
provide a local energy supply to meet growing demand;

-

DG can alleviate congestion and extend capacity by removing load from ‘hot
spots’ where infrastructure is at its limits;

-

Provide increased generation capacity to the system supply;

-

DG can provide reliability enhancements by helping to main system voltages;

-

Reduce T&D electric losses associated with transporting power;

-

Environmental benefit if DG uses ‘clean’ technology which can decrease
reliance on ‘dirty’ power plants;

-

Reduce green house gas emissions (GHG) with the integration of renewable
sources; and

-

Investments in a smaller generator can be more easily rationalized versus
the costs associated with a large central generation plant as well as the
shorter time to bring a DG plant on-line.
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15.1.4 Benefit to End Users
End users of distributed generation power benefit in the following ways [15.2]:
-

Reduced energy costs; may also benefit from combined heat and power
(CHP) savings;

-

Increased power reliability; if the DG is permitted to operate during network
outages (islanding mode);

-

Increased power quality;

-

Source of revenue by selling excess power to the power markets;

-

Reduced exposure to electricity price volatility; and

-

Ability to adjust local peak demands to achieve power pricing discounts.

15.1.5 Barriers to Distributed Generation
The introduction of DG affects the operation of the current power system in a
fundamental way. In particular the areas of concern are power quality, protection
and stability. The traditional ‘water-fall’ model of power moving from central
generators to the customer needs to be revised with the introduction of many small
distributed generation plants. The operation of DG sources, in particular renewable
sources, affect system planning for the dispatch scheduling to operate base
generation and peaking plants.
The injection of power into the network affects many operating conditions like
voltage levels. At the distribution level, there are capacity restrictions particularly
in rural areas and other areas of low load that restrict the integration of DG.
Another particular area that has been a barrier to the introduction of DG is the
connection standards and the associated procedures and regulations that need to be
followed to make a connection. Some small generators are treated the same as a
large power plants and are faced with extensive engineering impact studies [15.2].
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15.1.6 Impact of Distributed Generation
Large DG applications are treated like all generators connected to the utility’s
transmission system requiring detailed impact assessments, protection studies, etc.
Smaller systems (5MW or smaller) are usually connected to the sub-transmission
and distribution systems and are integrated into the utility protection system. The
addition of DG to a network brings two perspectives with regards to protection
requirements: those of the generation owners and the perspective of the utility. The
Generator desires to have protection from short circuits and abnormal conditions
that could result in damage to the generator. Abnormal conditions can be imposed
on the DG by the utility system such as: over-excitation, overvoltage, unbalanced
currents, abnormal frequency and shaft torque stress due to utility breaker
automatic reclosing. The Utility is concerned about damage that the DG may cause
to their systems or to their customers due to unwanted fault current or changes to
the existing protection scheme.

15.2 Ontario Government Programs
Ontario Green Energy Act
http://www.mei.gov.on.ca/en/energy/gea/
Ontario Smart Meters
http://www.mei.gov.on.ca/en/energy/conservation/smartmeters/
Ontario Smart Grid Forum (IESO)
http://www.ieso.ca/imoweb/marketsandprograms/smart_grid.asp
15.2.1 Ontario Electrical Organizations
The following are the electrical organizations that play different roles in the
operation of the electrical system in Ontario:
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The Independent Electricity System Operator (IESO) ( www.ieso.ca )
Manages the reliability
ability of Ontario's power system and forecasts the
demand and supply of electricity. The IESO also operates the
wholesale electricity market, while ensuring fair competition through
market surveillance.
The Ontario Energy Board (OEB) ( www.oeb.gov.on.ca )
An independent adjudicative tribunal responsible for regulating
Ontario's natural gas and electricity sectors. Part of the OEB's mandate
is to protect the interests of consumers with respect to prices and the
reliability and quality of electricity service. Issues licenses to all
market participants
The Ontario Power Authority ( www.powerauthority.on.ca )
The OPA iss responsible for ensuring an adequate, long-term
lon
supply of
electricity in Ontario

Ontario Power Generation (OPG) ( www.opg.com )
A provincially-owned
owned electricity generation company - operates
hydroelectric, nuclear and
d fossil fuel stations generating
approximately 70% of Ontario's electricity.
Hydro One ( www.hydroone.com )
A provincially-owned
owned company that operates the majority of Ontario's
transmission lines, Hydro One also serves as an electricity local
distribution
tion company in some areas of the province.
Electrical Safety Authority (ESA) ( www.esainspection.net )
The ESA enforces the Ontario Electrical Safety Code (OESC). The ESA
provides electrical safety requirements
ments and inspection details in their
plan approval process. Connection Authorization forms approved by
the ESA is required prior to making a connection the distribution
network.

A good reference to the players in the Ontario electricity market is produced
produ
by the
Electricity Distributors Association ( www.eda-on.ca ) called the Ontario Electricity
Market Primer, November 2010,
15.2.2 Standards Bodies
* Canadian Standards Association (CSA) ( www.csa.ca )
International Electro-technical
technical Commission (IEC) ( http://www.iec.ch/ )
Underwriters Laboratory (UL) ( www.ul.com )
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Institute of Electrical and Electronics Engineers (IEEE) (www.ieee.com)
National Institute of Standards and Technology (NIST)
(http://www.nist.gov/smartgrid/)
* Copies of the different standards (electrical) are available at:
http://www.csa.ca/cm/ca/en/standards/products/electrical
15.2.3 Standards
The applicable standards relating to DG interconnection and protection are shown
in Tables 15-1, 15-2 and 15-3. [15.3]
Table 15-1 Standards Governing Power Converters in Canada
Identifier
CAN/CSA C22.2
No.107.1-01
CAN/CSA C22.3 No. 9
CAN/CSA C22.2 No.
257-06
CAN/CSA C22.1
CAN/CSA C22.1

Standard Title
General Use Power Supplies (Sections 14)
Interconnection of Distributed Resources with Electricity
Supply Systems (Draft)
Interconnecting inverter based micro-distributed resources
to distribution systems
Canadian Electric Code (CEC): Part I – Section 84
Canadian Electric Code (CEC): Part II – Reverent sections
(Wiring, equipment, etc.)
Canadian Electric Code (CEC): Part III (2006)

CAN/CSA C22.3-06
Distribution System
Code (DSC)
Ontario Energy Board
Act
Ontario Electrical
Safety Code (OESC)
Hydro One (Ontario)

Directive to the Ontario Energy Board about connection of
new generation to the Local Distribution System
Section 27.1 (1998)
Electrical Safety Authority
Technical Requirements for Generators Connecting to
Hydro One’s Distribution System

Table 15-2 Fuel Cell Standards
Identifier
IEC 62272
CSA Component
Service No. 33
IEC 62262-2

Standard Title
Canadian Hydrogen Installation Code (CAN/BNQ 1784000/2007)
Proton Exchange Membrane Fuel Cell
Fuel Cell Modules (2004)
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Table 15-3 Other Interconnection Standards
Identifier
IEEE C37.95-1989
IEEE 929-2000
IEEE 242-2001
IEEE 1547 –2003
IEEE 1159-1995
UL 1741-2005
IEEE 519-1992

Standard Title
Guide for Protective Relaying of Utility-Consumer
Interconnections
Recommended Practice for Utility Interface of Photovoltaic (PV)
Systems
Recommended Practice for Protection and Coordination of
Industrial and Commercial Power Systems
Standard for Interconnecting Distributed Resources with Electric
Power Systems
Recommended Practice for Monitoring Electric Power Quality
Inverters, Converters, Controllers and Interconnection System
Equipment for Use with Distributed Energy Resources
IEEE Recommended Practices and Requirements for Harmonic
Control in Electric Power Systems

15.3 Interconnection Protection
15.3.1 Point of Common Coupling
The protection can be located either on the primary side of the interconnection
transformer (Figure 15-1) or on the secondary side as shown in Figures 15-2 [15.4].
For the purposes of this research the configuration shown in Figure 15-1 will be
adopted. The building distribution is connected to the campus distribution system
through a transformer.
15.3.2 Factors Influencing Protection
Different energy sources may be used but it is the interfacing scheme used by the DG
that will have the largest impact on the protection of the distribution system. A
scheme based on direct coupling of rotary machines, such as synchronous or
induction generators is different from a DG system connected using a power
electronic converter. The type of interconnection transformer will also have a large
influence on the protection schemes.
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Figure 15-1 Inerconnection Protection at
the Secondary

Figure 15-2 Interconnection Protection at
the Primary

15.3.2.1 Power Electronic Interface
Power electronic inverters are capable of converting the energy from a variety of
sources such as variable frequency (wind) , high frequency (turbines), and direct
energy (PV & fuel cells) [15.5]. Inverter based DG are generally considered low
power by utility standards from 1 kW up to a few mega-watts.

Generators

connected to renewable sources, are not reliable and so are not considered
dispatchable by the utility planners and so are not tightly integrated into the power
supply system. The inverter interface decouples the generation source from the
distribution network and the islanding characteristics of the distributed generator
are primarily determined by the inverter.
The inverters are classified by two types: line-commutated (thyristor based) and
self-commutated inverters (IGBT or MOSFET based).

The majority of the

commercial inverters in the market are self-commutated and can be classified as
either Voltage Source Inverters or Current Source Inverters. The Voltage Source
inverter is the most common technique for DG interfacing and are further divided
based on the control mechanism into Current Controlled Scheme (CCS) or Voltage
Control Scheme (VCS).
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The capabilities of the power electronic control allows the inverter to be used to
supply controlled reactive power and mitigate power quality problems such as
voltage deviation, total harmonic distortion (THD) and flickering. Since inverters
monitor the voltage and frequency at their output terminals for control purposes, it
is relative easy to implement a passive islanding detection technique based on
detecting when the inverter voltage or frequency shifts outside a window centred
around the nominal line voltage and frequency set points. Consideration still needs
to be given to the case when a balanced load condition exists and voltage and
frequency shift may be small or nonexistent after the utility is no longer present.
Normally DGs are operated in a constant power and constant power factor control
mode which makes it improbable that precise balance will occur when the utility is
lost and an unintentional island formed. Inverters can also be used to implement
active islanding detection schemes.
Inverters may be capable of supplying only twice the load current or less to a fault,
so the orders-of-magnitude larger fault current on which conventional over-current
protection is based is not present. For this reason inverter based DG is less likely to
influence the existing utility protection with respect to fault current. Both the
probability of islanding and the risks associated with the formation of an island are
typically less for inverter based DGs than for synchronous generator based DGs
[15.6]. The IEA Task 5 study found that probability of islanding is very small. The
study also showed that the risk of electric shock due to islanding of PV systems
under worst-case PV penetration scenarios to both operators and customers does
not increase the risk that already exists [15.7].
15.3.2.2 Interconnection Transformer
The choice of transformer plays an important role in the DG connection with the
utility.

All connections have advantages and disadvantages that need to be

considered by the utility and distributed generation owner. The type of ground
connection is classified as: solidly grounded, ungrounded or grounded through
grounding impedance. There are five transformer connections that are widely used
to interconnect a DG to the utility system. The choice of connection will affect the
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magnitude of over-voltages following single-phase faults and also on the magnitude
of the fault current supplied from the substation [15.8]. There is no universally
accepted “best” connection type [15.9].
15.3.3 Protection Issues
Most utility systems use a traditional radial feeder system to delivery power to
customer loads and implemented protection schemes only considering power flow
in only one direction. The addition of DG changes energy flows which now can flow
in either direction through system protection devices. The following protection
issues must be considered when DG is planned to be integrated with the utility:
Short Circuit Power; Islanding; Reduced Reach of Impedance Relays; Reverse Power
Flow; Voltage Profile; Auto Re-closure; Ferro-resonance; Grounding; and Safety.
15.3.3.1 Short Circuit Current
The proper coordination of relays, re-closers, fuses and other over-current devices
must be based on the available fault current. Fault current will be dependent on the
transformer connection of the DR. DG in-feeds which are connected via power
electronic circuits produce no remarkable contribution to the short-circuit current
of the network and can be neglected under protection aspects [15.1].
The protection strategy needs to be able to distinguish between faults that occur
near the PCC. Any fault on the utility side and within the DG system needs to be
identified correctly and the correct protection devices as well as the separation
device must operate correctly. If the DR source (or combined DR sources) is strong
compared to the utility substation source, it may have a significant impact on the
fault current coming from the utility substation. This may cause failure to trip,
sequential tripping, or co-ordination problems [15.9]. The protection may fail to
detect fault current if:
-

The fault is a phase-ground fault and the DG interconnection does not
provide a primary ground current source;
The DG is single-phase, connected to an un-faulted phase; and
The fault is self-extinguishing once the high-current utility source is opened,
and the fault current falls to a low value sourced by the DG.
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15.3.3.2 Islanding
Islanding is the condition when the DG is no longer operating in parallel with the
utility system and may occur as a result of the following conditions:
-

A fault that is detected by the utility, and which results in opening a
disconnect device but which is not detected by the DG protection devices;
Accidental opening of the normal utility supply be equipment failure;
Utility switching of the distribution system and loads;
Intentional disconnect for servicing either at a point on the utility or at the
service entrance;
Human error or malicious mischief; and
Act of nature.

After the detection of an autonomous microgrid (safely disconnected from utility), a
new control strategy is activated to manage both the operation and protection of the
microgrid. Once the island has been established, the auto re-closure process may
occur to reconnect the island to the main utility. Once the island has successfully
reclosed and joined the grid, the control strategy must revert to grid connected
mode strategy to manage operation and protection. The operation of the protection
equipment will need to react differently when operating in parallel with the utility
and when operating as a stand-alone island as the fault current will drastically
change between connected and isolated modes and impact protection schemes that
are based on short-circuit sensing. The DG protection scheme will need to consider:
-

Numerical relays using alternative setting groups for island operation;
Communication-based protection practices to yield an adaptive protection
scheme that can fit both modes of operation;
Under-voltage protection which can provide time delayed protection if
conventional over-current protection will not operate;
Re-synchronizing the islanded system; and
Utility breakers or circuit re-closers are likely to reconnect the island to the
greater utility system when out of phase.

The critical issue with island operation is when the DG operates in its normal
parallel mode of operation even when the connection with the utility system has
been lost. In this circumstance the isolation device is not operated leaving the
microgrid connected to the utility system.

This continued operation under
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improper conditions is called unintended islanding.

The major concerns with

unintentional islanding are [15.10]:
-

-

Line worker safety can be threatened by DG sources feeding a system after
primary sources have been opened and tagged out;
Public safety can be compromised as the utility does not have the capability
of de-energizing downed lines;
The voltage and frequency provided to other customers connected to the
island are out of the utility’s control, yet the utility remains responsible to
those customers (liability issues if power quality affected resulting in damage
to customer equipment);
Protection systems on the island are likely to be uncoordinated, due to the
drastic change in short-circuit current availability; and
The island system may be inadequately grounded by the DG interconnection.

15.3.3.3 Reduced Reach of Impedance Relays
The introduction of DG affects the preset zone calculations made for Impedance
relays. The voltage is changed with the addition of the DG which impacts the
impedance seen at the relay. The change in the impedance makes an apparently
increased fault distance. The result is that the fault has to be closer to the relay to
operate it within the originally intended distance zone. The active area of the relay
is therefore shortened meaning that its reach is reduced.
15.3.3.4 Reverse Power Flow
Standard protection schemes utilize directional over-current relays. Traditional
radial feeders are configured assuming power flow in only one direction. The
introduction of DG results in reverse power flow which was not considered in the
original protection system design.
15.3.3.5 Voltage Profile
DG sources affect the voltage profile along a distribution line which may cause a
violation of voltage limits and cause additional voltage stress for the equipment.
The DG can provide beneficial voltage contribution in highly loaded or weak
networks with respect to the local power quality. DG could influence a tap-changing
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transformer by changing the load on the transformer which may not allow the infeed voltage to be regulated correctly [15.11].
15.3.3.6 Auto Re-closure
In order to secure the correct operation of automatic reclosing, and to prevent outof-phase re-closure, DG units must be disconnected cleanly before the re-closure
[15.12]. When a DG unit continues to operate after a utility fault two problems may
arise when the utility reconnection (auto re-closure) is initiated after a short
interruption [15.11].
-

The fault may not have cleared since the arc was fed from the DG unit,
therefore instantaneous re-closure may not succeed.
In the islanded part of the grid the frequency may change due to the real
power unbalance. The re-closure would couple two asynchronously
operating systems.

15.3.3.7 Ferro-resonance
Ferro-resonance can occur and damage customer equipment or transformers. Since
fuses in three phases do not trigger simultaneously it may happen that a
transformer is connected only via two phases for a short time. The capacitance of
the cable is in series with the transformer inductance which could cause
distorted/high voltages and currents due to resonance conditions [15.11].
15.3.3.8 Grounding
A DG transformer connection with ungrounded transformer primary windings will
require analysis of all equipment (insulators, lightning arrestors, breakers, etc.) to
handle over-voltage conditions when line-to-ground faults occur.

A DG unit

connected via a grounded delta-wye transformer (or ungrounded wye connection),
earth faults on the utility line will cause ground currents in both directions, from the
fault to the utility transformer as well as to the DC transformer. Another condition
to be examined for some transformer configuration is when the utility earth
connection is lost and the whole system gets unearthed [15.11].
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15.3.3.9 Safety
The addition of DR to a feeder may create conditions that can result in equipment
damage or failure. Improper operation of the protective devices may lead to unsafe
conditions for equipment. For certain types and sizes of DR with delta high side
transformer connections, back-feed on un-faulted phases under fault conditions can
result in over-voltages that may cause customer and utility equipment damage.
These failures may lead to unsafe conditions for both utility and customer operating
personnel.
15.3.4 Restoration
Once the DG to grid connection has been separated, the connection can be restored
to operating in full parallel operation. Many utilities use an “instantaneous” reclose
practice, where breakers and circuit re-closers reenergize the protected circuit
without any intentional delay. Mechanical operating times typically result in an
effective delay of about 150 to 200 ms from opening to reclosing. The detection of
an islanding condition must be very fast to meet the reclosing speed even if an
intentional delay is introduced (on the order of tenths of a second).
The potential for damaging a rotating DG by out-of-phase reclosing is widely
understood and appreciated. Large mechanical torques and currents are created,
which can damage the generator or related equipment. Many DG sources use power
electronic inverters which have fast current-limiting functions for self protection
which are somewhat protected from out-of-phase reclosing.
Under the condition when the DG does not match the local load at the time the
utility is restored, the DG is automatically resynchronized. A synchro-check relay
(25) can be used to supervise reclosing and handle the condition when the DG is
under a “dead-bus” condition.

The second condition is when the DG roughly

matches the local load. A more sophisticated syncho-check relay is required which
not only measures phase angle but also slip frequency and voltage difference
between the utility and the DG. The relay will handle automatic, manual and
supervisory reclosing.
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16 APPENDIX C – POINT OF COMMON
COUPLING
The PCC must meet the requirements defined by the Ontario and Canadian
regulators. Due to the size and nature of the equipment used in these experiments,
special considerations were made during the construction of the test microgrid and
interconnection. The electrical connection to the building is done in cooperation
with the University Facilities Management Department. The requirements for the
equipment used to implement the grid interface are discussed.
Table 16-1 Catagories of Distributed Generation
Generator
Classification
Micro
Small
Mid-Sized

Large

Rating
≤ 10 kW, for customer’s own use
≤ 500 kW connected on the distribution system voltage < 15 kV
≤ 1 MW connected on distribution system voltage ≥ 15 kV
< 10 MW but > 500 kW connected on the distribution system
voltage < 15 kV
> 1 MW but < 10 MW connected on the distribution system voltage
≥ 15 kV
≥ 10 MW

16.1 Interconnection Requirements
The rules governing inverter based systems are defined in the Electric Safety
Authority’s Ontario Electrical Safety Code (OESC) and the Ontario Energy Board’s
Distribution System Code (DSC). The classification of the types of generation system
is defined in the DSC [16.1] shown in Table 16-1. The research device is limited to
10 kW so that it qualifies under the ‘micro’ generator classification.

A Local
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Distribution Company (LDC) may require generators to meet requirements for
connection in addition to those specified by the OESC and DSC.

16.2 Electrical Inspection
Before a connection to the grid can be made, there needs to be an inspection by the
Electrical Safety Authority (ESA). The installer needs to assure the inspector that
installation meets the safety requirements of the OESC and submit an ‘Application
for inspection’. The steps to be followed for a micro sized generation site are
described in the DSC. A single line diagram must show the switching arrangements,
the locations of disconnects, and the location and type of generator. During the
inspection process the following areas will be examined [16.2]:
Over Current Device – Rating and type of over current (short circuit or overload) in
compliance with OESC based on generator nameplate ratings, conductors and
equipment.
Disconnect Means (DG Source) – Sized to handle output of the generator using a
disconnected approved for use in Canada. Labeling required “DG SOURCE
DISCONNECT”.
Inverter – The inverter must meet CSA C22.2 No. 107.1 (or UL 1741) and be labeled
as “UTILITY-INTERCONNECTED” and an additional label of “WARNING – POWER
FED FROM MORE THAN ONE SOURCE”.
Wiring Methods – The wiring must be in accordance with the requirements in
Section 12 of the OESC.
Disconnect Means (Supply System) – A second disconnect is installed in a location
specified by the LDC. The disconnect device must be sized to handle the electrical
output of the inverter and will simultaneously disconnect all ungrounded
conductors of from the supply.
Distribution Panel – A circuit breaker in the panel shall be of adequate ampere and
voltage rating and has an interrupt rating greater than the available fault current
from the distribution system. The panel shall be labeled “WARNING – TWO POWER
SOURCES – PARALLEL SYSEM”.
Meter – The meter requires a label “WARNING – TWO POWER SOURCES –
PARALLEL SYSEM”.
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16.3 Distribution System Code
The installer of the DG system is responsible for the design, construction,
maintenance, and operation of the facilities on its side of the point of connection
(PCC). On the generator’s side of the PCC the equipment shall be approved in
accordance with rule 2-004 of the Ontario Electrical Safety Code (OESC). In the
Distribution System Code, Section F describes the process and technical
requirements for connecting embedded generation facilities [16.1].
16.3.1 Isolation at the Point of Connection
At least one disconnect must be present to isolate the generator in compliance with
the OESC.
16.3.2 Interconnection Grounding
The generation facility must be grounded as per the generator manufacturer
recommendations and the OESC.
16.3.3 Voltage Regulation
The steady state service voltage levels are defined in CSA Standard CAN3-C235-83
and IEEE 1547. The system must operate within the voltage level limits shown in
this standard.
16.3.4 Power Factor
The system shall operate with the preferred range of 0.9 lag to 0.95 lead as defined
in CSA C107.1 and IEEE 1547.
16.3.5 Cease to Energize
The loss of the LDC supply may result in the formation of an island as defined in
IEEE 1547, CSA 22.2 No. 107.1, OESC 84-008 (Loss of Supply Authority Voltage).
The generator shall cease to energize automatically from the distribution system’s
supply under the following conditions:
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Unplanned Islanding – System shall cease to energize the distribution system
following the formation of an unintentional island.
Planned Islanding – If permitted, the generator may disconnect and form an
island.
The generator’s interconnection system shall include an adjustable delay (or a fixed
delay of 5 minutes) that will delay the reconnection after the supply system has
been restored to within the steady state operational ranges (up to 5 minutes).
16.3.5.1 Protection
The generator shall have over current fault protection due to generation facilities
fault contribution as defined in IEEE 1547 and OESC 84-014 System Protection
Devices.

Over and under voltage and over and under frequency protection is

required at the generator PCC. The set points and clearing times are defined in IEEE
1547.
16.3.6 Revenue Metering
The revenue metering if used must be in accordance with Canada’s Electricity and
Gas Inspection Act, R. S. 1984, C.E-4. Since this application is classified as an
embedded generator, installation of a revenue grade meter is not required. A bidirectional meter is required for monitoring purposes.
16.3.7 Power Quality
The generator shall not cause flicker on the distribution system as per IEEE 1547
and IEC 61000-3-7. Inverter connected generators are to comply with CSA 22.2 No.
107-1 for current distortion limits (harmonics) as per IEEE 1547 and IEC 61000-36. The generator shall not inject a DC current greater than 0.5% of the rated output
current of the generator as per IEEE 1547.
16.3.8 EMI and Surges
The generator shall also meet Electromagnetic Interference (EMI) limits in IEEE
1547 and C37.90. The interconnection system shall have the capability to withstand
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voltage and current surges as per IEEE 1547, C62.41.2 or C37.9.90 and OESC 84015.

16.4 Operational Limits
16.4.1 System Frequency
The system frequency will typically be in the range from 59.7 Hz to 60.2 Hz [16.3] as
defined in the OEB DSC F.2 Section 6.5 and shown in Table 16-2. When outside of
the range, the inverter is to cease to energize the line within six cycles to allow for
ride-through of short-term disturbances (avoid nuisance tripping). The intertie may
reconnect when the frequency is within normal limits and stable.
Table 16-2 System Frequency Limits
Frequency Limit

Range

Under frequency at rated voltage

F < rated – 0.5 Hz, max 6 cycles to disconnect

* 0.7 UL 1741, IEEE 1547

< 59.3 maximum clearing time of 0.16 s

Over frequency at rated voltage

F > rated + 0.5 Hz, max 6 cycles to disconnect
> 60.5 maximum clearing time of 0.16 s

Fixed operating frequency range

59.3 – 60.5 Hz [16.4]

Disconnect

within 15 cycles

16.4.2 System Voltage
For a Three Phase 4-Conductor 120/208Y the normal operating voltages are from
112/194 to 125/216 with the extreme range from 110/190 to 127/220 [16.3] and
is described in the OEB DSC F.2 Section 3 and shown in Table 16-3.
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Table 16-3 System Voltage Limits
Voltage Limit
Abnormal Voltage –
maximum number of
cycles to disconnect
(CSA C22.2 No. 107.101 Table 16)

Voltage Unbalance

Normal voltage
operating range (small
systems < 10 kW)
[16.4]

Range
Voltages as rms values measured at the PCC (phase to
phase)
V < 50% of base voltage, 6 cycles (0.16 max
clearing time in seconds)
50% <= V < 88%, 120 cycles (2.0)
88% <= V <= 110%, Normal Operation (1.0)
110% < V < 137%, 120 cycles
137% <= V, 2 cycles
> 120%
(%) = 100 x [(max. Deviation from average) / (average)]
use RMS voltage levels measured phase to phase at the
service entrance under no load conditions (ANSI C84.1 –
1995, Annex D)
under 3% and may reach 5%
Voltage regulation as a function of inverter
Renewable sources are unregulated
Current injection impacts when exceeds the load on that
line – voltage disturbance
Minimize nuisance tripping
Operating window 106 – 132 Volt on a 120 V base (88 to
110% of nominal voltage)
Trip points at 105 V and at 133 V
Responses to abnormal voltages (rms at the PCC) –
maximum trip time to be set to allow for ride through of
short term disturbances

16.4.3 Flicker
The flicker limits are defined in IEEE 519-1992 and are a site dependant condition
[16.3]. The synchronization procedure must meet the flicker requirements. The
connection of an inverter may cause voltage problems for other devices [16.4]. The
inverter is not to exceed limits defined by the maximum borderline of irritation
curve IEEE 519-1992. Also see OEB DSC F.2 Section 10.1
16.4.4 Voltage and Current Sags
The voltage and currents sages are defined in [16.3]:
- IEEE/ANSI C62.41 Recommended Practices on Surge Voltage in Low Voltage
AC Systems
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-

IEEE/ANSI C37.90.1 Standard for Relays and Relay Systems Associated with
Electric Power Apparatus

16.4.5 Phasing
The phase sequence and direction of rotation is to be coordinated with PCC [16.3].
16.4.6 Power Factor
The power factor range may be +/- 0.85 [16.3]. The inverter may operate at a
power factor > 0.85 (lagging or leading) when the output is greater than 10% of
rating. (Also see OEB DSC F.2 Section 4)
Table 16-4 Voltage Distortion/Unbalance Limits
Voltage Limit
Even harmonics

Range
Limited to 25% of the odd harmonic limits

Voltage Unbalance %

100 X (max deviation from average)/average

Maximum harmonic current
distortion in percent of current

<11
4%
11<=h<17
2%
17<=h<23
1.5%
23<=h<35
0.6%
35<=h
0.3%
Total Demand Distortion (TDD) = 5.0%
Even
Odd
2nd through 9th
1.0%
4.0%
10th through 15th
0.5%
2.0%
16th through 21st
0.4%
1.5%
22nd through 33rd
0.2%
0.6%
Above 33rd
0.1%
0.33%

Harmonics
CSA C22.2 No. 107.1-01 Table 15

16.4.7 Voltage Distortion / Unbalance
The Voltage distortion / unbalance are not to exceed 3% for any individual
harmonic and 5% for the total harmonic distortion (THD) [16.3] and shown in Table
16-4. Distortion limits are also defined in CAN/CSA C61000-3-6, IEC 61000-4-7 and
OEB DSC F.2 Section 3.2 and 10.2.
Waveform distortion is affected at low current distortion levels when THD < 5% of
fundamental at the PCC as defined in IEEE 519 section 11.5 [16.4]. From Clause 10
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of IEEE 519-1992 the total harmonic current distortion shall be less that 5% of the
fundamental frequency current at rated inverter output and each individual
harmonic shall be limited to the percentages listed.
16.4.8 Surge Withstand Performance
The surge withstand performance of the inverter is defined in IEEE/ANSI C62.41.2
and IEEE C37.90.1 and may be caused by lightning effects (direct or indirect) and
system switching transients [16.5].
16.4.9 Direct Current (DC) Injection
The dc current injection limit may be greater than 0.5%, after a period of six cycles
[16.3]. No dc current is to be injected (when above 0.5% of rated inverter output
current) into the AC interface under either normal or abnormal conditions for a 6
cycle limit. (See also OEB DSC F.2 Section 10.3)
16.4.10

EMI

The inverter is to meet the EMI specified in IEEE C37.90.2 Standard for Withstand
Capability of Relay Systems to Radiated EMI from Transceivers. The interference is
not to result in a change in state or miss operation of the interconnection system
[16.3].
16.4.11

Fault Currents

Inverter based systems have an inability to supply excessive currents due to their
control structures [16.5] (see also OEB DSC F.2 Section 2). The system may need to
rely on islanding detection (abnormal voltage/frequency) to detect faults since the
traditional fault detection may not work. The inverter may affect the LDC protection
reclosing scheme. For fault and line clearing, the inverter protection systems may
use automatic reclosing.
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17 APPENDIX D – EXPERIMENTAL
EQUIPMENT
The detailed technical specifications of the equipment used in this research are
described including the specifications for the test equipment. References for the
equipment used to construct the grid connection and interconnection rack are
detailed. The configuration settings used in the network interface, power meter and
intertie relay are recorded.

Figure 17-1 Experimental Single Stage Inverter
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17.1 Power Electronic Interface
The intelligence in the interconnection system is found in the inverter. This device
implements algorithms that control the power flow in the microgrid.

The

development of this work is only possible because of the earlier work in the creation
of the laboratory experimental inverter. The existing inverter design is shown in
Figure 17-1. The changes that were made to the inverter are discussed.
17.1.1 Inverter Design
The inverter used for the research is based on the equipment designed Dr. Jain is
shown in Figure 17-1. The following is a description of the design parameters and
observed behavior of the prototype inverter.
17.1.1.1 Objectives & Key Challenges
The principle goals for the development of a single stage DC/AC Converter were:
-

Low component count;

-

High reliability;

-

Low losses; and

-

High efficiency.

The initial work was in the development of a mathematical model for the fuel cell,
converter, and power system parameters [17.1]. The model is used for system
planning. The model provides control of real and reactive power flow through the
system as well as regulation of the fuel cell voltage dropping characteristics. The
inverter is designed to work without a DC-DC converter to convert power directly
from fuel cell and not utilizing the battery for voltage and power regulation.
17.1.1.2 Design Goals
The architecture and control design are based on the following design goals:
-

Harmonic control in inverter output voltage;

-

Output voltage level matching;

-

Galvanic isolation between FC and Grid (Safety); and
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-

Bi-directional conversion.

17.1.1.3 Filter Design
In the design of the filter two factors were considered: location of the filter and
switching frequency [17.2]. The purpose of the filter is to remove PWM harmonics
to produce a clean sinusoidal voltage. The target is to have less than 1% harmonic
distortion (even at full load). The output voltage and frequency are fully variable.
The basic principle to design a filter is to provide a shunt path for the harmonic
current and a series impedance to carry the harmonic voltage. The filter can be
placed either on the inverter-side (primary side of the transformer) or on the load
side (secondary side of the transformer). Placement of filter on the inverter side is
more suitable due to following reasons:
-

By placing filter close to the harmonic source, it is more effective in
alleviating the harmonic problem; and
No harmonics flow through the transformer, whereas harmonics flows
through both primary and secondary causes additional losses, if the filter is
placed load side.

However, inverter side placement of the filter results in a high current rating of the
filter inductor, which is compensated for by needing capacitors rated at a reduced
voltage. The filter that was constructed was a LC Filter with an inductor of 0.14 mH,
60A and a capacitor bank with a total of 135 µF for each phase.
17.1.1.4 DC Link
The DC link capacitance is implemented using two capacitors in parallel. The
installed capacitance for the total DC Link is: 2000 µF + 10000 µF = 12200 µF.
17.1.1.5 Transformer Selection
The transformer selected for the inverter is a 3 Phase delta/star step up
transformer (12V – 208V). This transformer is not the optimal part but was the
closest available. The other parameters for the transformer are: Req = 1.42% and Xeq
= 4%.
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17.1.1.6 MOSFET 6 Pack
The switching device selected was a 6 Pack MOSFET PowerEx Module (100A, 75V)
[17.3]. The gate drivers used was a general purpose MOSFET Driver Board (IXYS)
[17.4] + boost board. Attached to the switch stack, is a heat sink and a cooling fan.
A single bus six-switch voltage source pulse width modulation (PWM) bridge
converter is used for DC-AC conversion as shown in Figure 17-2. This is the
preferred configuration for a 3-phase application [17.5, 17.6]. The bridge uses 6
MOSFET switches at low voltage level (less than 100V), which is economical and
efficient.
The sinusoidal pulse width modulation (SPWM) switching scheme is preferred here
to minimize the passive components; however, it requires high speed switching
devices and more complex control efforts. This challenge can be met with the
availability of high frequency power semiconductor devices and modern control
tools like fast digital signal processors.

Figure 17-2 Six Switch VSC Inverter
Because it is relatively easy to filter the harmonic at the high frequencies, it is
desirable to make the switching frequency as high as possible. But this will result in
a proportional increase in switching losses. Therefore, in most applications, the
switching frequency is selected to be either less than 5 kHz or greater than 20 kHz
above the audible range. Based on the overall performance and power handling
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capability of the system which is around 5 KW, the switching initial frequency is
limited to 5 kHz for this application.
17.1.1.7 Simulation Parameters
The following dSPACE operational parameters are selected for the simulation and
real-time operation:
-

Step Size (Ts) = 5e-5 seconds
Dead Time = 10 µs
Switching Frequency (fs) = 4860 Hz

17.1.2 Initial Experimental Results
The initial testing was performed by Dr. Jain on the assembled inverter using both
an open loop and closed loop voltage regulation control models. The following
results were reported in Dr. Jain’s project report [17.7] with recommendations on
improvements to the initial implementation.
17.1.2.1 No Load Test (Closed Loop)
Change of modulation index = change in reference voltage
THD = 5%, switching frequency of 2.46 kHz
17.1.2.2 No Load Losses
Approximately 40 watts (1/2 of commercial inverter) * at low switching frequency
17.1.2.3 Switching Frequency – Harmonics
Harmonic components above cut-off frequency of 1200 Hz (2mf + 1)
17.1.2.4 Load Test
The following results were observed with the initial experimental setup:
-

Sustained load support at 150W;
Up to 300 W at a switching frequency of 1.23 kHz with a THD approximately
7%; and
Not able to reach design goal of 1000W.

17.1.3 Observations
The recommendations after analyzing the initial test results are:
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-

AC output voltage difference is due to unbalance in each phase – this can be
adjusted in dSPACE controller;
Significant amount of noise due to high frequency switching;
Significant noise observed in the DC bias voltage applied to sensors; and
Transient response at full load requires improvement.

Figure 17-3 PWM Pulse Train

17.2 Proton Exchange Membrane Fuel Cell
17.2.1 Fuel Cell Limitations
One of the principle concerns of a power system involving a fuel cell power system
is that the output of the system is DC at a very low voltage. As well the controller
needs to accommodate the dropping voltage characteristic of the fuel cell with the
increase in load current. The fuel cell is also characterized by slow transient
response [17.8].
17.2.2 Fuel Cell Output Voltage Range
The primary generation source is a Ballard Nexa 1.2 kW Hydrogen PEM Fuel Cell
[17.9, 17.10]. The principle concern of fuel cell operation is the non-linear behavior
of the fuel cell under changing load conditions. One option to manage the dropping
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voltage with increased current is to regulate the voltage to a constant value using a
DC-DC converter. The inverter control strategy is designed to accommodate the
changes to the voltage level so the DC-DC will not be utilized. The Nexa fuel cell has a
typical operating range from 26 to 48 VDC. The change in stack voltage as the stack
current changes is shown in Figure 17-4 [17.11].

Figure 17-4 PEM Fuel Cell Polarization Curve
17.2.3 Fuel Cell Power Electronic Interface
One important factor to keep in mind in the design of the electronic interface for the
fuel cell is that it does not support reverse power flow. As mentioned above, the
interface also needs to support the low output voltage level from the fuel cell and
the non-linear behavior of the fuel cell under load [17.12]. The PEM fuel cell has
been shown to be well suited for low cost power applications due to its high power
density and relative quick startup time [17.13].
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17.3 Grid Connection
17.3.1 Equipment Selection
All of the equipment used is sized according to the maximum rated current that will
pass through the device. For the interconnection rack the current is limited by
fusing on the grid supply to 40A. The maximum power is designed to be 10 kW. The
current rating also has to be applied to the internal wiring within the
Interconnection Rack as well as to the external wiring (including connectors). All
equipment must be CSA or UL certified and for use at the operating voltage. Most
equipment is available only in standard sizes so the choice was to oversize devices
to add extra robustness to the experimental equipment.
17.3.2 Generation Bus
17.3.2.1 AC Generation Bus
The formation of the AC Generation Bus must be constructed with the priority of
safe use in the laboratory. Special consideration must be given to grounding. The
ratings of the bus will be limited to the maximum of the microgrid which is 10 kW.
17.3.2.2 DC Generation Bus
For this research we have only one DC source. It is important to ensure that the fuel
cell is protected from reverse power flows by using a power diode. It is also
important that all equipment using in the DC circuit are bonded together with the
inverter which is connected to the interconnection ground.
17.3.2.3 Grounding
All metal power distribution enclosures must all share the same ground / earth
reference. The earth reference shall be the same as the main power (grid) source as
provided at the PCC.

One important consideration for these connections is to

ensure that all devices connected to the PCC share the same earth/ground reference.
Each of the AC connections shall be 4 poles utilizing 5 wires. The ground connection
remains constant regardless of the state of any disconnection devices.
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17.3.3 Equipment Bonding
One important safety consideration for the
laboratory equipment is to ensure that all
test equipment is bonded together. All of
the

metal

enclosures

for

the

test

equipment are connected to a common
bond point. The test equipment requires
dedicated bond connections are shown in
Figure 17-5.

Figure 17-5 Equipment Bonding

17.4 Interconnection Rack / Point of Common Coupling
The interconnection is a self contained 19” equipment rack that is sealed at the front
and has a lockable rear door to prevent un-authorized access to the test equipment.
The device has been certified by the ESA for its auxiliary power supply and has been
constructed following directions provided by ESA. The interconnection rack
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(Rear)
Figure 17-6 Interconnection Rack (front)

Figure 17-7 Microgrid Connector (front) &
Grid Connection (rear)
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consists of multiple sub-systems and interfaces. Principally it provides a three
phase 208 V connection with the grid and a similar connection to the microgrid. The
interconnection rack houses the components necessary to perform the interface
function between the grid and the microgrid as seen in Figure 17-6 and 17-7.
17.4.1 PCC Breaker
The PCC Breaker is the termination point between the university panel
and the interconnection relay.
Recommended Part: ABB Tmax T1 Frame, 60A, Moulded Case Circuit Breaker,
T1N060TL
Reference: http://www.abb.com/product/seitp329/8ef47d6d9d61c7eec1257226006bdbea.aspx
http://library.abb.com/global/scot/scot209.nsf/veritydisplay/caed817dba6d484ec1257356003acd31/$Fil
e/1SDC210018D0202.pdf
ABB KT3AS3 – Auxiliary Contacts to provide signals to the Intertie Relay and to a LED.
Datasheet: http://www.abb-control.com/pdf/data/mccb/tmax/LV035.pdf

17.4.2 Contactor
Device to be commanded by the Intertie Relay (output) to disconnect
the 3 phases.
Recommended Part: ABB AL30-30-10-81, A-Frame Contactor, 50A, Rated 10 kw @ 208V, Coil 24 VDC
CAL5-11 – Auxiliary Contact 1NO and 1 NC
CAL5-11B – Auxiliary Contact 1 NO and 1 NC
Reference: http://www.abb-control.com/email/alcontpgs.pdf
Datasheet:
http://library.abb.com/global/scot/scot209.nsf/veritydisplay/431ef3764b2473e18525757e006b0e5b/$Fil
e/1SXU000023C0202_01.pdf
http://search.abb.com/library/Download.aspx?DocumentID=1SBC100122C0202_Ch02&LanguageCode=e
n&DocumentPartID=&Action=Launch&IncludeExternalPublicLimited=True

17.4.3 Disconnect
Pistol handle disconnect switch to separate the laboratory microgrid
from the campus grid includes integrated fuse.
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Recommended Part: ABB OS60J12P 60A, 3 Pole, 600V
Reference: http://www.abb.ca/product/seitp329/42869225b7a532dac125729f004d5d02.aspx
ABB OA1G10/OA3G01 – Auxiliary Contacts to provide a signal to a LED and to the Intertie relay.
Datasheet: http://www.abb-control.com/pdf/catalog/ac1000/17.75-81_F_Gen_info.pdf

17.4.4 Connectors
Each device connected in the power circuits shall
utilize twist lock, 4 pole, 5 wire connections that
ensure that the ground circuit is the first contact
made (last broke).

The principle power circuits

between the PCC and the Inverter must use the 60 A rated connectors to
accommodate the possibility of large currents. The loads must also utilize the larger
rated connectors. The receptacles and plugs shall not have any exposed contacts
(finger safe).
Hubbellock® 60A 4 poles 5 wires 3 phase 120/208V
Recommended Part: Hubbell HBL26520
Recommended Part: Hubbell HBL26519

Receptacle with lift Cover
Plug

Reference: http://www.hubbellcatalog.com/wiring/catalogpages/section-b.pdf

17.4.5 Auxiliary Power Supply
The auxiliary power supply is provided by
the laboratory power network (110 VAC, 20
A) shown in Figure 17-8.

Some of the

devices within the Interconnection Rack
require either an AC or a DC power source to operate. The auxiliary power supply is
controlled by the auxiliary power on/off switch located on the front of the
Interconnection Rack. An in-line fuse protects the rack supply. An AC breaker
controls the supply to the M-3520 Intertie Relay and the ION Power Meter. One DC
breaker controls the supply to the Moxa Ethernet converter and another DC breaker
controls the supply to the internal circuits (PCBs).
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Figure 17-8 Auxiliary Power Supply
17.4.6 Support Equipment
The support equipment provides information to aid in the operation of the
interconnection and provides the interface to the inverter control system.
17.4.6.1 Phase Detector
The Interconnection Rack is equipped with a
Phase Detector (shown in Figure 17-10). The
Phase Detector is provided by Time Mark Model
208A.

The Phase Detector allows quick and

easy determination of phase sequence (either
ABC or CBA) and will indicate if all phases are present, or if one or more phases are
lost, it indicates which of the phases are missing. In proper phase sequence, and
with all phases present, the ABC lamp, and the three line voltage lamps will
illuminate. An open phase condition will illuminate both rotation lamps and only
two line voltage lamps. The connection of the phase detector is shown in Figure 9-3.
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Reference: Time Mark Model 208
http://www.time-mark.com/products.php?id=4&category=3-Phase%20Testers

17.4.6.2 Test Signals
The Interconnection Rack is provided with a Test
Signal interface to access the power bus within the
rack (shown in Figure 17-10). The Test Signals are
individually fused to limit current that can be passed
through the test signals. The test interface is not intended for use as a power
transfer connection point. The Test Signals are intended for monitoring the grid
waveforms. The connection of the test signals are shown in Figure 10-3.
17.4.6.3 Sync
The sync interface is a BNC connector used to interface the grid voltage to the
inverter as shown on Figure 17-8. The grid voltage is used to extract the grid
frequency used for synchronization of the inverter with the grid.
NOTE: Due to changes made after assembly of the Interconnection Rack the sync
sensors is now three phase. The connection is still a BNC type but is located within
the Interconnection Rack.
17.4.6.4 Status LEDs
The status LEDs shown in Figure 17-9 are
described in Table 17-1.

17.4.6.5 Control Signals
The control signals shown in Figure 17-10 are listed in Table 17-2. The output
signals from the PCC rack are provided as inputs into the inverter controller. The
exception is the Remote Force signal which is an input to the PCC rack (output from
the inverter).

326
Table 17-1 Support Equipment LED
LED Disconnect Device
Remote Island
Force Island Switch

Bus Breaker

Microgrid Side
Breaker

Front Switch

Isolator

Force Island

Intertie Relay

Grid Breaker

Grid Side Breaker

Intertie Island

Intertie Relay
(Contactor)
Intertie Relay

Test Fault

Description
Output from the Intertie Relay indicating
a remote force operation has been
initiated
Auxiliary contact from the microgrid side
breaker showing the status of the
breaker
Auxiliary contact from the isolator
showing the status of the switch
Output from the Intertie Relay indicating
a local force operation has been initiated
Auxiliary contact from the grid side
breaker showing the status of the
breaker
Auxiliary contact from the contactor
indicating the state of the intertie output
Output from the Intertie Relay indicating
a failure of the self test function

Figure 17-9 Support Equipment - Status LEDs

Figure 17-10 Support Equipment – Signals
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Table 17-2 Control Signals
Control Signal
Bus Breaker
Front Switch

Device
Microgrid Side
Breaker
Isolator

Local Force

Intertie Relay

Grid Breaker

Grid Side Breaker

Intertie Island

Intertie Relay
(Contactor)
Intertie Relay

Remote Force

Description
Auxiliary contact from the microgrid side
breaker showing the status of the breaker
Auxiliary contact from the isolator
showing the status of the switch
Output from the Intertie Relay indicating a
local force operation has been initiated
Auxiliary contact from the grid side
breaker showing the status of the breaker
Auxiliary contact from the contactor
indicating the state of the intertie output
Input to the Intertie Relay to initiate a
forced island condition

17.4.6.6 Equipment Rack Components
Standard 19” Rack – lockable
Star Tech DuraRACK 42U 36
http://www.startech.com/item/RK4236BK-DuraRak-42U-36-Enclosed-Rack.aspx

24 VDC Power Supply
http://www.idec.com/gben/products/Catalogs/PowerSupplies/PS5Rslim/document.html

Meter Fuse Block
http://www.cooperbussmann.com/library/bifs/1116.PDF

DC Breaker
http://www.americanelectrical.com/pdfs/DIN%20Rail/UL%20489A%20Rated%20CB.pdf

19” Sub-Rack
http://www.moxa.com/product/RK-4U.htm

Power Jack – 4 mm
http://www.sew.com.tw/dbase/upload-img/38E-cataloguen.pdf

LEDs
http://www.dialight.com/Assets/Brochures_And_Catalogs/Indication/MDEL616X001.pdf
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17.4.7 Interconnection Rack Internal Connections
The major components of the interconnection rack are shown in Figure 17-7. The
physical devices installed in the interconnection rack are shown in Figure 17-8 to
Figure 17-19.

Figure 17-11 Interconnection Rack Connections
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Figure 17-12 Meter& Intertie Current Transformers (CT)

Figure 17-13 Intertie Relay Potential Transformers (PT) & Voltage Sensors
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Figure 17-14 PCC Power Meter Base and Interface Fuses

Figure 17-15 PCC Neutral Bus & Fuses for Test Points
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Figure 17-16 PCC Ground Bus

Figure 17-17 PCC Internal Connectivity PCB
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Figure 17-18 Power Contact and Fuse Block

Figure 17-19 Intertie Relay (Rear View)
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17.5 Campus Grid Connection
The equipment to implement the campus grid connection is permanently attached
to the laboratory wall. Fixed conduit is run between the disconnect device and the
circuit breaker panel for the laboratory. The wall mounted connection can be seen
in Figure 17-20.

Figure 17-20 Campus Connection
Installation

NOTE: The campus connection panel is located outside the lab and utilized circuits
38, 40 add 42.
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17.5.1 Mechanical Interlock Disconnect
The mechanical interlock disconnect provides the point of
connection to the campus distribution system.
Fused Circuit-Lock® Pin and Sleeve Mechanical Interlocks 60A
4 poles 5 wires 3 phases 120/208V
Recommended Part: Hubbell Hbl560MIF9W
Reference: http://www.hubbell-wiring.cosm/press/catalog/E.pdf

17.5.2 Plug Connector
The plug mates with the mechanical interlock disconnect.
Recommended Part: Hubbell Hbl560MP9W - 60A 4 poles 5 wires 3 phases 120/208V
Reference: http://www.hubbell-wiring.com/press/catalog/E.pdf

17.5.3 Cable
The cable must be flexible and capable of heavy duty and CSA rated.
Recommended Part: General Cable 16075, Carolprene Jacked Type SOOW, 5 Conductor, 6 AWG
Reference: http://www.generalcable.com/NR/rdonlyres/915E0C44-F5C5-4AE4-B404-

6373E6D512FB/0/Pg12_Carolprene_SOOW.pdf
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17.6 Intertie Protection Relay
Beckwith, Intertie Protection M-3520 [17.14]
Serial No.: 6940
V04.03.00
Reference: http://beckwithelectric.com/relays/m3520/m3520.htm
Datasheet: http://beckwithelectric.com/Specs/M-3520-SP-14MC1%20(08-08)%20Screen.pdf

Integrated protection system for DR/DG Intertie providing:
-

Loss of parallel utility operation protection
Abnormal power flow protections
Comprehensive suite of phase and ground fault backed protection
Abnormal operating protections
Reconnect and synch check functions

17.6.1 Intertie Relay Wiring
The intertie relay is installed in the Interconnection Equipment Rack as described in
Section 9.2. The intertie relay wiring is shown in Figure 17-21. The voltage and
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current transformers generate signals from the power circuit of the PCC (see Section
18.4).

Figure 17-21 Intertie Relay Wiring Diagram
17.6.2 Intertie Relay Digital Input & Output
The relay digital inputs are wired to various devices within the PCC as described in
Table 17-3. None of the relay inputs are used as blocking signals for the protective
functions. The relay digital outputs are assigned to the enabled protective functions
as described in Table 17-4.
Table 17-3 Intertie Relay Digital Output Configuration
Relay Output
1
2
3
4
5
6
7
8

Function
Sync Check (25)
Reverse Power > 0.5 PU (32)
Reverse Power < 0.5 PU (32)
Reconnect Time Delay (79)
Peak Overvoltage (59I)
Under & Over Voltage (27 & 59)
Protection Operation (81+59+27+25)
Frequency (81 O / U)
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Table 17-4 Intertie Relay Digital Input Configuration
Relay Input
1
2
3
4
5
6

Function
Contactor
Remote Force Island
Intertie Test Switch
Force Island Switch
Grid Breaker Auxiliary
Microgrid Breaker or Isolator Auxiliary

17.6.3 Intertie Relay Configuration Settings
17.6.3.1 Communications
Communication Address = 1
Control Number = 1
COM5, 9600 Baud, 2 Stop, No Parity
Access Code = *, Address = 1
17.6.3.2 System Setup
Nominal Voltage = 120 V
Nominal Current = 5 A
Nominal Frequency = 60 Hz
CT Secondary Ratio = 5 A
Delta Y Transform = Disable
Input Active State = All Closed
VT Configuration = Line to Ground
25 Sync Check Phase = A
Phase Rotation = ABC
Pulse Relay = None
Output Seal-In time (cycles)
1
20
2
30
3-8
30
17.6.3.3 Sensor Scaling
Secondary Voltage 12.45 Vrms = Primary 120 Vrms
VT Phase Ratio = 9.7 : 1
VT Neutral Ratio = 1.0 : 1
VT V2 Ratio = 9.7 : 1
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CT Phase Ratio = 100 : 5
CT Neutral Ratio = 1 : 1
17.6.4 Support Tools
IPScom D65V01.08.01
17.6.5 Protection Function Setup
Table 17-5 Sync Check Function 25 Parameters
Parameter
79 Supervise 25
Phase Limit
Upper Voltage Limit
Lower Voltage Limit
Synch Check Delay
Delta Volt
Delta Volt Limit
Delta Frequency
Delta Frequency Limit
Dead Voltage Limit
Dead V1 Hot V2
Dead V2 Hot V1
Dead V1 & V2
Dead Input Enable
Dead Time Delay
Programmed Outputs
Blocking
Input Initiate

Units
disable, ENABLE
degrees
Volts
Volts
cycles
enable/disable
volts
disable/enable
Hz
volts
disable/enable
disable/enable
disable/enable
input mask
cycles

Label Range
PA
UL
LL
SD

0 to 90
60 to 140
40 to 120
1 to 8160

DV

1.0 to 50.0

DF

0.001 to 0.500
0 to 60

DIN
DD
Z

1 to 6
1 to 8160
1 to 8
1 to 6

Value
Enabled
90
140
90
1
Disabled
2.0
Disabled
0.1
50
Disabled
Disabled
Disabled
50
1, 7
None
None

Table 17-6 Under-Voltage Function 27 Parameters
Parameter
#1 Pickup
#1 Delay
#2 Pickup
#2 Delay
Output
Blocking

Units
volts
cycles
Volts
Cycles

Label Range
P
5 to 180
D
1 to 8160

Z

1 to 8

Value
11 (88%)
60
6 (50%)
6
6,7
None
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Table 17-7 Over-Voltage Function 59 Parameters
Parameter
#1 Pickup

Units
volts

Label
P

#1 Delay

cycles

D

#2 Pickup

Volts

#2 Delay
Programmed Outputs
Blocking

cycles
Z

Range
5 to 180
(130% to 150%)
1 to 8160
(3 to 6 cycles)
106% to 110%
30 to 60 cycles
1 to 8

Value
13
(110%)
60
17
(137 %)
2
6,7
None

Table 17-8 Peak Over-Voltage Function 59I Parameters
Parameter
Output Magnitude
Delay

Units
PU
Cycles

Programmed Outputs
Blocking

Label
D
Z

Range
1.05 to 1.50
1 to 8160
(3 to 6 cycles)
1 to 8

Value
1.05
180
5
None

Table 17-9 Frequency Function 81 Parameters
Parameter
#1 Pickup
#1 Delay
#2 Pickup
#2 Delay
#3 Pickup
#3 Delay
#4 Pickup
#4 Delay
Programmed Outputs
Blocking

Units
Hz
cycles
Hz
Cycles
Hz
Cycles
Hz
Cycles

Label
P
D

Range
50.0 to 67.0
2 to 65500

Z

1–8

Value
61.0
10
60.2
120
59.8
120
59.2
10
7, 8
None

Table 17-10 Frequency Function 32 Parameters
Parameter
#1 Pickup
#1 Delay
#1 Output

Units
PU
Cycles

Label

Range
-3 to 3
1-8160
1-8

Value
0.5
300
2
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3 Phase Detection
Over/Under
#2 Pickup
#2 Delay
#2 Output
3 Phase Detection
Over/Under

Over/Under
Power
PU
Cycles

Over/Under
Power

Blocking Input

Enable
Over
Power
-0.5
300
3
Enable
Over
Power
None

Table 17-11 Rate of Change of Frequency Function 81R Parameters
Parameter
#1 Pickup
#1 Delay
Output
Blocking
Inhibit Neg. Seq. Volt

Units
Hz/s
Cycles

Label

Range
0.1 to 20.0
1 to 8160

%

* #2 Pickup not configured

17.6.6 Functions Disabled
The following functions are disabled:
21, 27G, 46, 47, 50, 50G, 51G, 51V, 59G, 60FL, 67, 67N, 78

Value
10
120
7,8
None
25
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17.7 Power Meter

17.7.1 Meter Wiring
The power meter can measure power flow in both directions: either export to the utility
originating from the micro-sources in the microgrid or import power from the utility to
service the loads on the microgrid. The wiring of the power meter in the PCC is shown
in Figure 17-22.
Schneider Power Measurement ION 6200 [17.15]
Part Number: P620 BT 1A00
Serial Number: 4A-080301629-03
Current: 10A 3~
Voltage: 400V 3~ L-N
Reference:
http://global.powerlogic.com/products/meters_and_rtu/ion6200/default.aspx
Datasheet:
http://global.powerlogic.com/products/meters_and_rtu/ION6200/documents/PLSED106014EN_LTR.pdf

17.7.2 Power Meter Configuration Settings
The configuration of the power meter can be done using the front panel of the
meter. To place in configuration mode press and hold the up arrow and down
arrow together. Pressing the arrows again together returns the display to regular
operation [17.16, 17.17 & 17.18].
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Figure 17-22 ION Meter Wiring Diagram

Table 17-12 ION Meter Configuration - Mode
String
Type

Description
Volts Mode

Range (Values)
4W (4-Wire WYE)
dELt (Delta)
2W (Single Phase)
dEM (Demonstration)
3W (3-Wire WYE)
dELd (Delta Direct)

Default
Direct
Delta

Value
4W

17.7.3 Power Meter Firmware
Firmware: AOBOR

Enhanced Package #2
Table 17-13 ION Meter Configuration - PTs

String
Pt 1
Pt 5
Pt 2

Description
PT1 (Primary)
PTS (Scaling)
PT2 (Secondary)

Range (Values)
1 to (65.53 x 1000 LED)
1 (x 1); 1000 (x 1000)
1 to (65.53 x 1000 LED)

Default
480
x1
480

Value
0.208
1
0.208
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Table 17-14 ION Meter Configuration - CTs
String
Ct 1
Ct 2

Description
CT1 (Primary)
CT2 (Secondary)

Range (Values)
1 to (65.53 x 1000 LED)
1 to (65.53 x 1000 LED)

Default
400
5

Value
0.010
0.001

Table 17-15 ION Meter Configuration - Polarity
String
UPL 1
UPL 2
UPL 3
CPL 1
CPL 2
CPL 3

Description
V1 Polarity
(Phase 1 voltage polarity)
V2 Polarity
(Phase 2 voltage polarity)
V3 Polarity
(Phase 3 voltage polarity)
I1 Polarity
(Phase 1 current polarity)
I2 Polarity
(Phase 2 current polarity)
I3 Polarity
(Phase 3 current polarity)

Range (Values)
nor (Normal); inv
(Inverted)
nor (Normal); inv
(Inverted)
nor (Normal); inv
(Inverted)
nor (Normal); inv
(Inverted)
nor (Normal); inv
(Inverted)
nor (Normal); inv
(Inverted)

Default
Normal

Value
nor

Normal

Nor

Normal

Nor

Normal

Nor

Normal

Nor

Normal

Nor

Table 17-16 ION Meter Configuration - Demand
String
dPr
ndPr

Description
Demand Sub
Interval
Number of
Demand
Periods

Range (Values)
1 – 60 min

Default
15

Value
15

1–5

1

1

Table 17-17 ION Meter Configuration - Communications
String
Prot

Description
Protocol

bAud

Baud Rate

Un id

Unit ID

rt 5

RTS Delay

Range (Values)
PML; Mod
(Modbus RTU)
1200, 2400,
4800, 9600,
19200
1 – 247

0 – 1000
milliseconds

Default
Modbus

Value
Mod

9600

19.20

based on
the serial
number
20

129

20
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Table 17-18 ION Meter Configuration - Modbus Scaling
String
PU 5

Description
Voltage Scale

PC 5

Current Scale

PP 5

Power Scale

Pn 5

Neutral Scale

Range (Values)
0.001, 0.01, 0.1, 1,
10, 100, 1000
0.001, 0.01, 0.1, 1,
10, 100, 1000
0.001, 0.01, 0.1, 1,
10, 100, 1000
0.001, 0.01, 0.1, 1,
10, 100, 1000

Default
10

Value
10

10

10

1

1

10

10

Table 17-19 ION Meter Configuration - Digital Outputs
String
Out 1

Description
Output Mode
Digital
#1

Tc 1

Time Constant 1
(kT)
Output Mode
Digital
#2

Out 2

Tc 2

Time Constant 2
(kT)

Range (Values)
(k)Wh Del.,
(k)VAh,
(k)VARh Del.,
(k)Wh Rec.,
(k)VARh
0.1 – 999.9

Default
(k)Wh

Value
Et 1

1.0

1.0

(k)Wh Del.,
(k)VAh,
(k)VARh Del.,
(k)Wh Rec.,
(k)VARh
0.1 – 999.9

(k)VAR

VArh

1.0

1.0

Table 17-20 ION Meter Configuration - Display
String
dScr
dUPd

Description
Display
Scroll
Time
Display Refresh
Period

Range (Values)
0 – 30 seconds
(0 = disable)
1 – 6 seconds

Default
0

Value
0

2

2

Table 17-21 ION Meter Configuration - Security
String
PSEt

Description
Password

Range (Values)
0 – 9999

Default
0

Value
(blank)
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18 APPENDIX E – MICROGRID
LABORATORY TEST EQUIPMENT
The experiments done in support of the interconnection research involved a single
source, load and grid.

During the experiments different configurations of test

equipment were used for the DC Generator, Grid Source and Three Phase Load as
shown in Figure 18-1. A data network was created to collect information from the
test equipment and instruments. The data network is described and the data
available from the test equipment is listed.

Figure 18-1 Experimental Setup

18.1 Experimental Equipment
18.1.1 Experimental Setup
The setup for the laboratory experiments consists of a DC Generator connected to an
inverter which is in turn connected to both a Three Phase Load and the
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Interconnection Rack (PCC) which is connected to the Grid Source/Sink. The test
setup is shown in Figure 18-1 and 18-2.

Figure 18-2 Experimental Inverter and dSPACE Control Station
18.1.2 Microgrid Equipment
18.1.2.1 Inverter
The laboratory inverter is an experimental device that provides a controllable
platform to convert a DC source into AC supply to be sent to a local load or to the
grid or to both. The inverter includes a real-time control environment which hosts
the control algorithms used to operate the inverter. The inverter is described in
detail in Section 10.4.
18.1.2.2 Interconnection Rack
The interconnection rack is the point of common coupling (PCC) and implements
the safety features and disconnect means required for a microgrid to connect to a

348
utility (grid). A detailed description of the interconnection rack can be found in
Section 10.2.

Figure 18-3 Three Phase Load Rack

18.1.3 Three Phase Loads
18.1.3.1 Resistive Load
The laboratory has a simple three phase resistive load. The resistive load (Ohm
Loads OL7896) provides 750 W of load per phase at 120 Vrms.
18.1.3.2 Three Phase Programmable Loads
The laboratory is equipped with a programmable three phase load.

The

programmable load (NHR 9600) provides 3 kW of load per phase [18.1]. The load
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can operate in the following emulation modes: constant-current, voltage, resistance,
power as well as short-circuit.
-

NH Research 4600

-

Only capable of doing balanced three phase loads.

-

Serial communication via RS-232 to USB converter from emPower.

18.1.3.3 Address
Set address using the SK6AD dip switches
Phase A
Phase B
Phase C

ADRS0 = 1
ADRS0 = 0
ADRS0 = 1

ADRS1 = 0
ADRS1 = 1
ADRS1 = 1

18.1.3.4 Port Configuration Utility
Configuration: USB RS232A
Trigger Master: Checked
Online: Checked
18.1.3.5 NHR Configurator
Configuration File: DG Lab AC Load.cfg
USBRS232A, S6k @ 19.2
ACLoad1 (NH Model 4600 90A / 360 VAC / 9000 W Dynamic Load)
Hose Port Id = 1
Host Dev Id = 0
Config Device Id = 0x1034
Addresses = 0x01, 0x02, 0x03
Group Address = 0xfc
Descriptor = AC Load 1
18.1.3.6 Console Tool
L4600 AC Load User Panel (VI)
18.1.3.7 Support
www.nhresearch.com / support
Login User: nhr
Password: support
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18.1.4 Grid Source / Sink
18.1.4.1 Grid Connection
The grid connection is represented by the university campus electrical distribution
system acting as a proxy for the utility. The grid connection is described in detail in
Section 10.1.
18.1.4.2 Controllable Three Phase Supply
The controllable three phase supply is useful for experiments that require changes
to the grid operation (frequency change, voltage change, etc.).

The following

parameters can be controlled for the supply: voltage, current, power factor, and
frequency. The controllable supply is equipped with a GPIB serial interface that is
used for remote control [18.2].
Pacific Power Source Corp.
AC Power Source Model 310-HE

18.1.4.3 Input
Input 120V, 60 Hz, Single Phase
Input power has a resettable fuse rated at 20 A (single phase AC).
The maximum load per phase is 400 W (over-rated)
18.1.4.4 Output
1kVA Continuous Output, 3
Phases
3 Arms / phase
IEEE-488 Control Interface
18.1.4.5 Control
Output 0-136.5/236 VAC at 0.1V Steps
50.0 to 499.9 Hz in 0.1 Hz steps
6 A/phase maximum in 0.1 A steps
Phase A = 0° – reference phase
Phase B = 0° – 360° in 1 degree steps
Phase C = 0° – 360° in 1 degree steps
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18.1.4.6 Turn On/Off
ON – Input Power Green
OFF – Input Power Red
18.1.4.7 Recall Existing Program
Recall an existing program number 9:
RCL
9
ENT
18.1.4.8 Review Program
Recall an existing program and press 'f2'. Press ENT to advance to next setting. The
settings provide 208 VL-L to the load as measured by the power meter.
Frequency (20-2000 Hz) = 60.0 ENT
Output Voltage – Phase A (0-136.5) = 120.4
Output Voltage – Phase B (0-136.5) = 120.2
Output Voltage – Phase C (0-136.5) = 120.2
Phase Angle – Phase B (0-360) = 120
Phase Angle – Phase C (0-360) = 240
Current Limit (0 to 6.0 A) = 3.5
18.1.4.9 Run Program
Press the EXEC key.
18.1.4.10

Engage Supply (Connect/Disconnect)

CONNECT – Output Power Green
DISCONNECT – Output Power Red

18.1.5 DC Generator
18.1.5.1 Nexa Fuel Cell
The primary DC generator in the laboratory is a Ballard Nexa Power Module which
is a Proton Exchange Membrane (PEM) hydrogen fuel cell with a rating of 1.2 kW
[18.3]. The output from the fuel cell is unregulated with a nominal output voltage of
26 VDC. The setup for the fuel cell power module is shown in Figure 18-4 and 18-5.
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Note that the 24 VDC supply only provides power to the fuel cell controller during
start-up and shutdown of the fuel cell stack. Refer to the Nexa Lab Operation
Manual for detail instructions on start-up and shutdown of the fuel cell system
[18.4]. The procedure has been modified for direct connection to the fuel cell (not
utilizing the DC-DC converter and lead-acid battery system).

Figure 18-4 Nexa Fuel Cell Test Setup
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Figure 18-5 Nexa Fuel Cell Experimental Setup

18.1.5.2 Programmable DC Supply
For most experiments the fuel cell system was
replaced by a programmable DC supply that
was connected directly to the inverter. This
provided a DC source that allowed for testing
of the control algorithms without dealing with of the influence of the Power Module
controller operating the fuel cell. The controller on the fuel cell does perform some
output regulation in different situations of high load and under self protection
situations. The supply used was a Sorenson DCS40-75E that is equipped with an
Ethernet interface supporting the LXI protocol [18.5].
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18.2 Equipment Validation Testing
18.2.1 Experiment Setup
18.2.1.1 Equipment Validation
The majority of the equipment in the Interconnection rack was validated using a
simulated grid connection. The experimental setup shown in Figure 18-6 illustrates
the use of a controllable three phase supply to act as the simulated grid. Preliminary
sub-component integration testing is performed under light load operation. The
simulated grid connection allows for testing of the detection performance of the
intertie relay for the conditions of under/over voltage and over/under frequency
operation conditions.
18.2.1.2 Equipment Validation Notes
-

The grid side fuses are installed to limit current to 5 A per phase.
The Resistive loads use the “safety” connectors approved for lab use under
10 A
The Controllable supply connectors utilize spades
The test cable is 12 AWG 12 ft for each connection
The interconnection rack connections use the existing Hubbell 60 A
connectors
The maximum load possible is 750 W per phase

18.2.1.3 Interconnection Rack – Power-Up Sequence
1. Ensure the rack is fully enclosed (side panels installed and rear door closed)
2. All breakers are off, AC isolator is off and Auxiliary power switch is off
3. Plug in the auxiliary power to the wall socket (110V) ensure the AC Breaker
off and DC Breaker Off
4. Auxiliary power switch on, Auxiliary AC Breaker on, Auxiliary DC Breaker on
The Meter and intertie relay turn on and the intertie passes its start-up self
tests.
18.2.1.4 Interconnection Rack – Power-Down Sequence
1. AC Isolator off
2. All Breakers off
3. Auxiliary power switch off
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Figure 18-6 Equipment Validate Experimental Setup
 =    +    +   

(18.1)

For a balanced system the power and line current is:

XY! = /&\ _

Z[\ ] ^
`ab ] ^

 =3
= 750 / 120 = 6.25 ARMS in each phase

 = 0, Resistive Load

(18.2)

(18.3)

(18.4)

18.2.2 PCC Rack Components
This test performs the initial testing of the experimental equipment.

The

interconnection protection rack can be divided into sub-systems and their
interfaces.
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18.2.3 Power Stage
The Power Stage tests provide coverage of the main power circuit in the PCC rack.
The test is to confirm power flow from the grid side connection to the micro-grid
side connection. While performing the power stage test, the calibration and scaling
of the current and voltage sensors for the meter and relay are validated
18.2.4 Protective Functions
The protective function tests validate the configuration and operation of the intertie
relay. Verify the voltage trip points and time to trip by raising and lowering the
voltage to values outside the normal windows. Verify the frequency trip points and
time to trip by varying the frequency at a rate no faster than 0.5 Hz/s to the trip
points specified.

The Intertie relay operates when voltage and frequency are

outside of normal operating ranges.
18.2.5 Meter and Intertie Relay Operation
The initial meter testing will not be able to validate current flow towards the grid.
The tests are to check on the accuracy of the displayed values and available power
values using the meter console and the intertie remote interface (shown in Figure
18-7).

Figure 18-7 Beckwith Intertie Relay Control Console
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18.3 Experimental System Setup
18.3.1 Simulated Grid Connection Notes
-

The grid side fuses are installed to limit current to 5 A per phase.
The Electronic loads use the “safety” connectors approved for lab use under
10 A
The Controllable supply connectors utilize spades
The test cable is 12 AWG 12 ft for each connection
The interconnection rack connections use the existing Hubbell 60 A welding
connectors
The maximum load possible is 3 kW per phase

18.3.2 Common Test Setup & Initialization Steps
1. Set both 60 A breakers on the interconnection rack to be closed on the
interconnection rack (Grid Breaker, Microgrid Breaker)
2. Place interconnection equipment rack disconnect switch in Open position
(disconnected)
3. Follow the Interconnection Equipment Rack start-up sequence
4. Initiate the control algorithm (dSPACE) – enable pulses
5. Start the fuel cell (or programmable DC Supply) – close Fuel Cell DC breaker
6. Close Inverter DC Breaker, Close Inverter DC Isolator, Close Inverter AC Isolator
7. Power up and Set the controllable supply to nominal operating conditions (60
Hz, 120/208 V)
8. Power up the Electronic Load and Set the load to 50 W per phase
9. Ensure that the Interconnection Equipment Rack control switches are in the
normal configuration
10. Close the Interconnection Equipment Rack AC Isolator switch by placing in the
ON position (connected)
18.3.3 Common Test Completion Steps
1. Place Interconnection Equipment rack AC Isolator switch in the OFF position
(disconnected)
2. Open Inverter AC Isolator, Open Inverter DC Isolator, Open Inverter DC Breaker
3. Perform the fuel cell shutdown (or programmable DC Supply) – open Fuel Cell
DC breaker
4. Shutdown the controllable supply
5. Power off the Interconnection Equipment Rack and test equipment
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18.3.4 Interconnection Rack Interface in Idle Mode
The rack interface tests are used to confirm the operation of the idle mode of the
controller and to validate the control signal communication between the
interconnection rack and the inverter controller.

Figure 18-8 Supervisor Sensor Test Display
18.3.5 Microgrid Supervisory Interface
The supervisory interface test validates the dSPACE control console while in the
open loop mode. The input control signals from the inverter are checked for
accuracy and scaling.
A special diagnostic user interface (Figure 18-8) was used to validate each input
sensor into the control platform. The internal reference signals used to generate the
voltage regulated output was adjusted to achieve the target of 120 Vrms at the
secondary while in open loop and island modes. A scaling factor of 0.975 was
applied which brought the output voltage down to the target level.
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Figure 18-9 Sync Check Test Data Export
18.3.6 Control Model Operation Access
To determine how the model is performing in real-time a test sub-system was
constructed to feed information from within the control platform to provide
visibility on the synchronization process to be monitored. The digital-to-analog
(DAC) capabilities of the dSPACE were utilized to make the synchronization
information available to be captured using a digital oscilloscope as seen in the Sync
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Check sub-system shown in Figure 18-9. Note that the DAC signals are scaled by
dSPACE by a factor of 10.
18.3.7 Campus Grid Connection Notes
-

The grid side fuses are installed to limit current to 45 A per phase.
The Programmable load to use the existing Hubbell 60 A welding connectors
The Grid Connection connectors utilize Hubbell Pin & Sleeve 60 A connectors
The test cable is 8 AWG 25 ft for each connection
The interconnection rack connections use the existing Hubbell 60 A welding
connectors
The maximum load possible is 3 kW per phase

Figure 18-10 Test Equipment Network

18.4 Data Collection Network
The experimental setup includes a data network used to control test equipment and
to collect test results. In the future a National Instruments LabView graphical
interface will be developed to provide a consolidated interface for testing. The
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control console will poll the different equipment using data protocols, such as
modbus, through serial (RS-232 and USB) or network (Ethernet) interfaces. The
data network is illustrated in Figure 18-10 with the IP address for each device listed
in Table 18-1.
Future plans for the test network include integrating a serial interface to the Fuel
Cell (using the SLIP protocol) and providing access to the PLC managing the new
laboratory AC bus.
Table 18-1 Test Equipment Network Addresses
Device

IP Address

MAC Address

Moxa Gateway

192.168.127.254

00:90:E8:18:73:A4

GPIB Gateway
Laboratory Switch 95108T

192.168.0.239

Test PC

192.168.0.230

Sorenson DCS40-75E

192.168.0.200

Tektronix Scope

192.168.0.235

Agilent Scope

192.168.0.236

Figure 18-11 Test Equipment
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18.4.1 Measurement Equipment
The test equipment is used to record the operation of the system using laboratory
measurement devices. The test equipment is interfaced to a PC (Control Console)
through serial and USB ports (as shown in Figure 18-10). The test measurement
equipment listed in Table 18-2. The principal test equipment is shown in Figure 1811.
Table 18-2 Test Measurement Equipment
Measurement Point

Test Equipment

Interface

PCC Voltage Test Points

Tektronix TPS 2024

Serial/VISA

Inverter Output Power

Fluke 434

USB

Load Input Power

Fluke 43B

USB

Load Bank

9 kW NHR 4600

USB/Virtual Instrument (NI)

dSPACE Operation

Agilent MSO-X 3034A

Ethernet/USB/LXI

Figure 18-12 Network Interface
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18.4.2 Networking Equipment
The Interconnection Rack contains two intelligent devices. Both the meter and the
intertie relay have serial interfaces that communicate using the Modbus Protocol.
To provide remote access to both devices, a Network interface (Ethernet) has been
installed and configured as shown in Figure 18-12. Some of the test equipment is
also equipped with network interfaces. A specialized network interface provides
connectivity to the serial IEEE GPIB port on the controllable supply.
18.4.2.1 Moxa MGate Modbus Gateway
The Moxa MGate MB3270 is a modbus gateway that provides an Ethernet interface
to two serial devices [18.6]. The modbus serial ports available on the ION Meter
(COM1) and on the Intertie Relay (COM3) are connected to the MGate modbus
converter. The Meter and the Intertie Relay can be accessed over the laboratory
Ethernet network using the Modbus/TCP protocol. The modbus connection allows
remote reading of registers to monitor device operation and to perform simple
control actions.
18.4.2.2 Prologix GPIB Gateway
The Prologix GPIB-Ethernet controller provides network support for the low-level
GPIB protocol handshaking (IEEE 488.1 and IEEE 488.2) [18.7].

The Prologix

protocol converter allows any device with a GPIB serial interface to be remotely
accessed and controlled over the Ethernet.
18.4.2.3 Ethernet Switch
The Ethernet switch allows a private network to be implemented in the laboratory.
The Ethernet switch provides network connectivity for the Moxa gateway, GPIB
(Prologix) and VISA test equipment (Programmable DC Supply).
18.4.3 Moxa Network Gateway
The MGate MB-3270 is a two port modbus gateway that converts between Modbus
TCP and Modbus ASCII /RTU protocols. The MGate provides an Ethernet port and 2
serial ports (RS-232, RS-422 & RS-485).
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Datasheet: http://www.moxa.com/Product/MGate_MB3170_3270.htm

Gateway Configuration Tool: MGate Manager

Figure 18-13 Modbus Network Cabling
18.4.3.1 Communication Cable
Two communication cables are required to connect the MGate to the remote
devices. The communication cables are described in Figure 18-14. The input power
to the MGate must be from 12 to 48 VDC.
18.4.3.2 Modbus Network Communications
The modbus interface to the devices in the sub-rack (ION Meter and Intertie Relay)
is converted to Ethernet to provide remote access to the protection rack. The
modbus connection allows remote reading of registers to monitor device operation.
18.4.3.3 Configuration Settings
18.4.3.3.1 MGate Network Configuration

Net Mask: 255.255.255.0
Gateway: 255.255.255.255
DNS1: 0.0.0.0
DNS2: 0.0.0.0
TCP Port: 502
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18.4.3.3.2 Modbus Configuration

Port 1: RTU Slave Mode
Port 2: RTU Slave Mode
Initial Delay: 0 ms
Modbus TCP Exception: Disable
Response Timeout: 1000 ms
Slaves Channel
18.4.3.3.3 Slave IDs

Channel 1: Modbus Serial, Virtual: 128-138, Real: 128-138
Channel 2: Modbus Serial, Virtual: 039-048, Real: 039-048
18.4.3.3.4 Serial Port Configuration

Port 1: 8 bits, 19200 bps, Parity: None, Stop Bit: 1, RS485:2 Wire, Fifo:
Disable
Port 2: 8 bits, 9600 bps, Parity: None, Stop Bit: 2, RS485:2 Wire, Fifo: Disable
18.4.3.3.5 Dip Switches

SW1: All Switches OFF
SW2: All Switches OFF
The default setting with Switch 1 and Switch 2 off is to pull high/low resister
to 150 kΩ.
18.4.3.4 Hardware Configuration
Serial Number: TZ1B0102B154
Hardware Revision: 2.4
18.4.3.5 Firmware
Firmware: ZEL 41272, 2-6-0106, Jan 2010
Updated: Feb 11/10 Version 1.1
409-001-102-3574
18.4.3.6 Login
User ID: supervisor
Password: 0
(zero)
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18.4.4 GPIB Network Interface
Prologix
GPIB-Ethernet Controller
The GPIB network interface converts any computer
with a network port into a GPIB controller or device.
In controller mode, the interface can remotely control
a GPIB enable instrument such as the Controllable AC
Supply.

The interface interprets the high level

commands from the host computer and performs the appropriate low-level GPIB
protocol handshaking (IEEE 488.1 or IEEE 488.2). The interface utilizes static and
dynamic (DHCP) IP configuration with TCP port 1234.
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19 APPENDIX F – VOLTAGE AND
CURRENT SENSORS
The sensors play a vital role in the development of control algorithms. The sensors
must detect an accurate representation of the system for both current and voltage
over the expected input range and frequencies. The raw sensed values must be
conditioned using an interface circuit to protect the embedded controller (dSPACE)
to ensure that the input analog input signals are within valid ranges. The sensors
for the power electronic interface (inverter), load sensor, and interconnection rack
(PCC) are described.

LV 25-P

LA 100-P

AV 100-150

LA 25-NP

LA 55-P

TC 2RL-101

ST-5-20
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19.1 Voltage & Current Sensors
The details of the sensors used in the inverter and the PCC rack are provided. The
current and voltage sensors selected were commercial sensors from LEM Inc as
identified in Table 19-1.

For the meter and the intertie relay the current

transformer is manufactured by Tyco (Crompton) and the voltage transformer by
Signal Transformers.
Table 19-1 Voltage and Current Sensors
Application

Sensor

Primary Rating

Accuracy

High Voltage (HV) Sensor

AV 100-150

150 V

+/- 0.7%

Low Voltage (LV) Sensor

LV 25-P

10 – 500 V, 10 mA

+/- 0.8%

High Current Sensor

LA 100-P

100 A

+/- 0.45%

Low Current Sensor
(Configurable)
Low Current Sensor

LA 25-NP

5 A, 6 A, 8 A, 12 A, 25 A

+/- 0.5%

LA 55-P

50 A

+/- 0.65%

Current Transformer

2RL-101

100:5

+/- 1%

Voltage Transformer

ST-5-20

20VCT @ 0.6A
10V @ 1.2A

The following datasheets describe the sensors in detail:
AV 100-150: http://www.lem.com/docs/products/av%20100%20series.pdf
LV-25P: http://www.lem.com/docs/products/lv%2025-p.pdf
LA-100P: http://www.lem.com/docs/products/la%20100-p%20e.pdf
LA-25NP: http://www.lem.com/docs/products/la%2025-np%20e.pdf
LA-55P: http://www.lem.com/docs/products/la%2055-p%20e.pdf
2RL-101: http://www.cromptonusa.com/transformers/section1/2.pdf
ST-5-20: http://www.signaltransformer.com/sites/all/pdf/ST.pdf
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19.2 Sensor Construction
The voltage and current sensors are constructed to interface with the dSPACE
control platform as well as the intertie relay and power meter. For the dSPACE
analog channels the sensors range is limited to +/- 10 V. The sensors are calibrated
using a reference voltage and current. The sensors are equipped with simple filters
to remove induced noise.
19.2.1 DC/DC Auxiliary Supply
Some of the sensors require a +/- 15 VDC supply. For some of the sensor circuits a
Kaga Electronics MSD15 DC-DC converter is used within the Interconnection Rack.
The converter accepts 24 VDC and then supplies the sensors with +/- 15 VDC.
19.2.2 AC/DC Power Module
Some of the sensors in the inverter require a +/- 15 VDC supply. Most of the sensor
circuits utilize an AC/DC power module from Volgen America (Kaga Electronics)
KRD10F-1515 converter that accepts 110 VAC and provides +/- 15 V at 350 mA
each.
19.2.3 AC/DC Auxiliary Supply
The 24 VDC is generated by an Idec PS5Rslim AC/DC converter that can provide 240
Watts.

The 24 VDC is supplied to the sensors and to the Modbus-Ethernet

converter. The 120 VAC input is provided from the internal auxiliary power system
within the interconnection rack. The source for the auxiliary power is an external
connection to the laboratory room supply.

19.3 Power Electronic Interface Sensors
The power electronic interface (inverter) sensors are located within the metal
enclosure housing the inverter power stage. The interface signals from the sensors
are brought out through the door of the inverter enclosure using BNC type
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connectors. The signals are then connected to the control platform (dSPACE) using
coaxial cables. A 0.1 μF capacitor is attached across the BNC to mitigate noise
induced on the sensor signal wires.
19.3.1 DC Voltage and Current Sensors
The DC voltage (LV25-P) and current (LA55-P) sensors (see Figure 19-1, 19-2 and
Table 19-2) are located in the experimental inverter. The sensors read the DC input
to the inverter (IDC and VDC). NOTE: The PCB for this sensor board requires cuts and
straps to correct a layout issue with the LV25-P as shown in Figure 19-3 and 19-4.
The ‘M’ terminal and the ‘-‘ terminal are reversed for the voltage sensor. As well, the
positive and negative DC output voltages from the AC/DC converter are reversed.

Figure 19-1 DC Voltage & Current Sensor Schematic
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Figure 19-2 DC Voltage & Current PCB

Table 19-2 DC Voltage & Current Part List
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Figure 19-3 DC Sesnsor PCB Cuts & Straps (Top)

Figure 19-4 DC Sesnsor PCB Cuts & Straps (Bottom)
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19.3.2 AC HV Sensor
The high voltage AC sensor utilizes an external LEM voltage sensor (AV100-150) as
seen in Figure 19-5. The interface board for the HV sensors is shown in Figure 19-6.
The sensor measures the inverter output voltage at the 208V side of the step-up
transformer.

Figure 19-5 Inverter AC Voltage Sensor (HV) PCB

Figure 19-6 Inverter AC Voltage (HV) Sensor Testing
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19.3.3 AC LV Sensor
The low voltage sensor (LV25P) schematic is shown in Figure 19-7 while the circuit
layout is shown in Figure 19-8. The parts used to assemble the voltage sensor can
be found in the LV Voltage column in Table 19-3. NOTE: The voltage sensing resister
(R5, R10, R15) have been changed to be a 750Ω ¼ W 1% resistor. This sensor is
used to measure the filter capacitor voltage.

Figure 19-7 Inverter AC Voltage Sensor (LV) Schematic

Figure 19-8 Inverter AC Voltage Sensor (LV) PCB
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19.3.4 AC High Current Sensor
The high current sensor (LA100P) is used to measure the filter inductor current in
the inverter before the step-up transformer. The circuit schematic is shown in
Figure 19-9 and the circuit layout is shown in Figure 19-10. The parts used to
assemble the high current sensor can be found in the High Current column in Table
19-3.

Figure 19-9 Inverter AC High Current Sensor Schematic

Figure 19-10 Inverter AC High Curent Sensor PCB
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19.3.5 AC Low Current Sensor
The AC LV Current sensor (LA25NP) is used to measure the output current from the
inverter (after the step-up transformer). The schematic for the LV current sensor
board is shown in Figure 19-11 and the circuit layout in Figure 19-12. The parts
used to assemble the LV current sensor can be found in the Low Current column in
Table 19-3.

Figure 19-11 Inverter AC Lower Current Sensor Schematic

Figure 19-12 Inverter AC Low Current Sensor PCB
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Table 19-3 Inverter Current and Voltage Sensors Parts List

19.4 Load Sensor
A load current sensor was constructed to be used by the inverter control algorithm
to perform supervisory power management operations. The current sensor uses
the same platform as the High Current sensor described in Section 19.2.4. The
tuning potentiometer was changed from 50kΩ to 200kΩ. Also, the zener diodes
were changed to a rating of 9.1V.

19.5 Interconnection (PCC) Sensors
The initial PCC voltage and current sensors were designed to provide analog input
signals to the Intertie Relay and the Meter. It was originally assumed that the input
signals for these devices were similar to the signals required to interface with the
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dSPACE controller.

The correct interface for the current sensors for both the

Intertie Relay and Meter is a Current Transformer (CT). Similarly, the voltage
sensor interface to the Intertie Relay is to use a Voltage Transformer (VT).
19.5.1 Current Sensor
The originally designed PCB for the current sensor has been modified to allow the
CTs to utilize the existing wiring harnesses installed in the PCC rack. The modified
circuit schematic is shown in Figure 19-14. Two 6 pin headers (labeled J2 and J3)
were repositioned on the PCB and the leads from each CT were soldered directly to
the header pins. The modified PCB is shown in Figure 19-15.
The power stage on the current sensor board is kept to provide power to the
Synchronization sensor (+/- 15 VDC). The connector J1 provides the input DC
voltage (24 VDC) and the output +/- 15 VDC which is connected to the voltage
sensor board. The parts used to assemble the current sensor board are listed in
Table 19-4.

Figure 19-13 Interconnection Rack Current Sensor Schematic
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Figure 19-14 Interconnection Rack Current Sensor PCB

Table 19-4 Interconnection Current Sensor Parts List
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19.5.2 Voltage Sensor
19.5.2.1 Intertie Relay Voltage Transformer
The originally designed PCB for the voltage sensor has been modified to allow the
VTs to utilize the existing wiring harnesses installed in the PCC rack. The modified
circuit schematic is shown in Figure 19-16. The PCB board is modified (see Figure
19-16) to connect the transformer input pins to connector J2. The transformer
output pins are connected to J3 which in turn is connected to the Intertie Relay.
J2
1
2
3
4

Phase
Intertie Relay
A
36
B
38
C
40
GND
39, 37, 35
Table 19-5 Voltage Sensor Input Signals

J3
Phase
1
A
2
B
3
C
4
GND
5
N/A
6
N/A
Table 19-6 Voltage Sensor Output Signals

Figure 19-15 Signal Transformer
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Figure 19-16 Interconnection Rack Voltage Sensor Modified PCB

19.5.2.2 Synchronization Voltage Sensor
The low voltage sensor (LV25P) schematic is shown in Figure 19-8 while the circuit
layout is shown in Figure 19-9. NOTE: The voltage sensing resister (R5, R10, R15) is
has been changed to be a 13kΩ 2 W 5% resistor. This sensor is used to measure the
PCC voltage used by the Intertie Relay. Also, the AC supply is not used since the +/15 VDC is supplied by the current sensor board.
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Table 19-7 Interconnection Rack Voltage Sensor Parts List

Figure 19-17 Interconnection Rack I/O Interface Schematic
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19.5.3 LED Interface
The LED interface provides a centralized location where the components of the
interconnection rack are interfaced with each other.

Each subsystem has a

dedicated connector. The LED interface also provides signal isolation for the digital
outputs that are passed to the inverter controller (dSPACE).

The connections

between subsystems is shown in the LED Interface schematic (Figure 19-17) which
is implemented on a PCB (Figure 19-18). The parts for the LED Interface are listed
in Table 19-8. The connections between the subsystems are shown in Figures 19-19
and 19-20.

Figure 19-18 Interconnection Rack I/O Interface PCB
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Table 19-8 Interconnection Rack LED Interface Parts List

Figure 19-19 Interconnection Rack Internal Wiring (Support)
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Figure 19-20 Interconnection Rack Interal Wiring (Auxiliaries)
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20 APPENDIX G – SYSTEM ANALYSIS
The important subsystems in the grid connected microgrid are examined. The
physical implementation of the DC Interface of the fuel cell and the inverter are
detailed. The AC power network consists of both the AC interface to the inverter
and to the grid. Two of the inverter subsystems are examined in detail: the LC Filter
and the step-up Transformer. A high level overview of the power system is shown
in Figure 20-1.

Figure 20-1 Power System
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20.1 Inverter DC Interface
The DC interface provides the delivery of DC power from the fuel cell to the inverter
as illustrated in Figure 20-2. The power flow is only in one direction which is
guaranteed by the use of a power diode.

Figure 20-2 Inverter DC Interface
20.1.1 Fuel Cell
The output from the Fuel Cell is unregulated. The inverter control scheme must
accommodate the voltage and current changes from the fuel cell which result from
load changes. Drawing more power from the fuel cell reduces the fuel cell output
voltage while increasing the fuel cell current, which in turn decreases the DC bus
voltage. The reduction in voltage is regulated by adjusting the modulation index of
the inverter. The fuel cell model includes an internal resistance represented by a
variable series resister (rs) and parallel resister (rp) that change as a function of the
output current.
20.1.2 DC Circuit Protection
The DC circuit has a many different switches, isolators and breakers that are used to
protect the fuel cell and the inverter. The fuel cell controller operates the switch
closest to the fuel cell (rswitch) which is used to protect the system during startup,
shutdown and emergency conditions.

The isolator and breaker closest to the

inverter in Figure 20-2 are two-pole devices and will disconnect both the positive
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and negative terminals. The specifications for these devices are defined in Appendix
H.

20.2 Inverter AC Interface
The AC side of the inverter is shown in Figure 20-3. The components that are
located within the inverter include: Switch, LC Filter, Transformer and Inverter
interfaces. The grid interface consists of the interconnection rack, grid connection
and the grid itself. The last component of the AC system is the local load.

Figure 20-3 Inverter AC Interface
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20.3 Inverter Components
20.3.1 LC Filter
The purpose of the three phase LC filter is to remove the harmonics present in the
inverter output signal. The filter is located before the step-up transformer and is
shown in Figure 20-4 where the capacitor bank is connected in a delta
configuration. The target cut-off frequency (fC) for the LC filter is to be 20 times the
fundamental frequency (fGrid) and lower than the switching frequency (fs).
, =

1

2%,c,

The optimum filter components were determined to be [20.1]:
Lf-desired = 0.2 mH
Cf-desired = 88 µF
The actual components used in the construction of the filter are:
Lf = 0.14 mH (0.14 e-3 H)
Cf = 135 μF (135 e-6 F)

Figure 20-4 LC Filter

(20.1)
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This provides an actual cut off frequency of fC = 1157.7 Hz.
The target cut off is around 20 x 60 Hz = 1200 Hz.
Filter designs are based on achieving the standard levels determined by IEEE 519
for harmonic limits. The harmonic currents injected by a grid connected inverter
can be classified as [20.2]:
-

Low frequency harmonics;
Switching frequency harmonics; and
High frequency harmonics

The LC Filter is a second order filter providing attenuation of -40 dB/decade. The
filter capacitor (Cf) provides a low impedance path for switching current harmonics
from the VSC.

The LC filter is best suited to configurations where the load

impedance across C is relative high and above the switching frequency. The filter
becomes ineffective when connected to a stiff grid network, where the grid
impedance is insignificant at the switching frequency.

Concerns of system

instability are due to the low damping at the resonant frequency.

Advanced

techniques can be implemented to actively damp resonance effects.

The

experimental equipment is pre-existing and cannot be changed, so it will be utilized
as-is for this research.
20.3.2 Isolating Transformer
The isolating transformer provides a step up boost from 12 V on the primary to 208
V on the secondary in a delta / star configuration. An equivalent circuit for the
isolating transformer is shown in Figure 20-5. The delta-star (wye) transformer can
be modeled as a current source on the primary and voltage source on the secondary.
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Figure 20-5 Equivalent Circuit of an Isolating Transformer
Where
Zs

Winding resistance and copper losses

Zm

Magnetic core losses and mutual inductance

Figure 20-6 Delta-Wye Transformer Model
Where:
Np = Number of primary turns
Ns = Number of secondary turns
 =



+ + 'd

(20.2)
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The transformer can be expressed in the form:
0+ = P0+ 'd

0+ = P0+ '

0 = P0 '
0 = P0 '

0+ dc
0+ d

0 d
0 d

0+ c'Qe

0+ cQe

0 c Qe

0 c Qe

(20.11)
(20.12)
(20.13)
(20.14)

We can relate the secondary current by the transformation matrix Ti:
0 =

 2 −1 −1
f−1 2 −1g
+
−1 −1 2

(20.15)

The primary and secondary voltages are related by a transformation matrix Tv:
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The transformation matrices can be represented in the dq frame as:
0 :R =

 3 2 0
S
+ 2 0 2

0 :R =

 1
f0
+
0

0
1g
0

0
T
0

(20.18)

(20.19)

20.3.3 Inverter Disconnect and Fuse
Within the inverter is a fuse to protect the operation of the inverter and a disconnect
switch to isolate the inverter from the AC side of the system. The specifications for
the fuses and disconnect can be found in Appendix H. It is assumed that the distance
between the inverter and the local load is small therefore the line impedance for the
inverter (XLine) can be ignored.

20.4 Grid Interface
The grid interface is represented by a voltage source (VGrid) connected to a breaker
through an inductance (LGrid) and resistance (RGrid) as shown in Figure 20-7. The
“Other Loads” shown in the figure represents other building loads that are
connected to the distribution system supplied by the grid. It is assumed that the
grid is a balanced 3 phase system. In reality the “Other Loads” will have an influence
affecting the balance of the system. In simulation and laboratory experiments the
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system will be validated under unbalanced grid conditions. The distance from the
microgrid to the utility is assumed to be large. The affect of the transmission line
will be included in the grid impedance (ZGrid). The utility connection point to the
laboratory equipment is the three phase breaker located in the building distribution
panel.

Figure 20-7 Grid Interface Representation

The building three phase breaker is shown as rB. The grid disconnect switch and
fuse are also part of the grid interface and are shown in Figure 20-2. The technical
specifications for the grid interface devices are found in Appendix H.

20.5 Load
The local load is capable of absorbing both real and reactive power. The load is
assumed to be balanced but may be operated in an unbalanced state during both
simulations and laboratory experiments to validate the system operation under
unbalanced load conditions. The local line impedance for the connection of the load
(XLoad) to the network will be ignored. It is assumed the distances from the local
load to the inverter and grid connection are small.
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21 APPENDIX H – SIMULATION
SUPPORT
The simulation experiments share a common set of components that represent the
physical hardware in the laboratory. The laboratory control environment and the
corresponding

simulation

environment

are

described.

The

simulation

implementation of the lab equipment is shown.

21.1 Control Environment
21.1.1 Simulation Environment
The simulation tool used is Matlab from MathWorks utilizing the SimPowerSystems
library.
Matlab Version R2009b (7.9.0.529)
SimPowerSystem Library 5.2
21.1.2 dSPACE Embedded Hardware Platform
The embedded hardware platform used to implement the control algorithm is the
DS1103 by dSPACE. The inverter interfaces with the DS1103 through digital and
analog input and output channels as well as a specialized PWM interface used to
interface with the switch. The benefit of this platform is that the development tools
allows a Matlab SimPowerSystems model to be cross-compiled and downloaded to
the hardware platform with minor changes to the Matlab model.
Matlab Version R2006b (7.3.0.267)
RTI RTI1103 5.3.7
Control Desk 3.0P1
Matlab dSPACE Interface Libraries 4.6.2
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21.1.3 Version Compatibility
One difficulty with the porting of the simulation model to the real-time platform was
incompatibilities between versions of the Matlab installations on the two
environments.

The dSPACE hardware is fixed at an older version and it was

discovered that some of the basic Simulink functions and most of the
SimPowerSystems blocks were not compatible between versions. In particular the
math function ‘Modulus’ did not port between environments. As well, the dq0
libraries provided by SimPowerSystems did not behave the same between
environments. This contributed to the need to develop a separate library of dq and
alpha-beta functions. The RMS and Mean blocks generated warning messages and
required replacing with the versions from the older libraries.
21.1.4 Control Platform Limitations
21.1.4.1 Carrier Switching Frequency
The control model has the limitation that the implementation of the model is
required to operate on an existing inverter hardware platform. The switch within
the inverter has a limitation on the switching speed. The switch is a MOSFET
PowerEx Module with a matching PowerEx driver which has a limit of 10 kHz.
Additional information on the switch and gate driver is provided in Appendix D.
21.1.4.2 Processing Speed
The second limitation to the control algorithm is the processing capacity of the realtime platform. The compilation and build process provided by dSPACE enforces a
hard limit on the step size selected for the control model. If the model cannot
complete its processing within the selected step size, an error message will be
generated and the model will not begin execution. The size and complexity of the
microgrid controller limits the step size.
21.1.4.3 Control Desk Interface
Another impact on the controller performance is the overhead associated with
interfacing with the Control Desk application. A balance needs to be achieved
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between the desire to monitor controller data in “real-time” on the graphical
interface and the processing overhead to transfer the information from the control
platform to the PC hosting the Control Desk application.
21.1.5 Control Platform Configuration
The selection of control platform parameters is affect by the step size as explained
previously.

It is important that during the validation of the control model in

simulation a comparable step size is used as well as the parameters for the devices
used in simulation match the physical equipment in the laboratory. The following
are the real-time control parameters from the dSPACE environment:
Solver Type: Fixed Step
Solver: ode3 (Bogacki-Shampie)
Step Size: 70 * 10-6 seconds
Periodic Sample Time Constraint: Unconstrained

21.2 Simulation System Elements
The grid connected system consists of a fuel cell connected to a local bus which has a
local load and a connection to the main utility. The physical implementation of this
network requires additional functional blocks. Each element on the bus is required
to have a breaker to control its connection state. For simulation purposes all of the
contactors, disconnects, breakers and fuses have been consolidated and are
represented in the simulation by a single controllable element that controls the
connection to the bus. The support infrastructure (Intertie Protective Relay,
Metering, etc.) required for the physical implementation is ignored for simulation
purposes. The values chosen for the system components match the physical devices
in the experimental system.
21.2.1 Dynamic Load Interface
21.2.1.1 Controllable Local Load
208 VL-L
60 Hz
Po = 0 W

398
Qo = 0 Var
Positive Sequence Voltage Vo
Mag = 0.994 pu
Phase = -11.8°
21.2.1.2 Static Load
208 VL-L
60 Hz
21.2.1.3 Load Breaker (Disconnect)
Resistance = 0.001Ω Ron
Snubber: Rp = 1e6 Ω, Cp = inf
Default State = Open
The load breaker does not exist in the experimental setup but is required for
simulation purposes. The direction of the load current is reversed to match the
convention of current flow towards the load.
21.2.2 Grid Interface / PCC

Figure 21-1 Simulated PCC
21.2.2.1 Grid Source
Vp-p = 208 Volts
Aφ = 90 degrees (Cosine)
F = 60 Hz
Internal Connection = Yn
Rg = 1.1 Ω
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Lg = 0.5 mH
21.2.2.2 PCC Disconnect
Each of the possible PCC disconnects have a remote control signal used to manage to
state of the isolator, contactor and grid breaker. The Isolator, Contactor and Grid
Breaker have the following characteristics:
Resistance = 0.001Ω Ron
Snubber: Rp = 1e6 Ω, Cp = inf
Default State = Open
21.2.2.3 Equivalent Resistance
The Rpcc value represents the accumulated resistance related to the fuse, fuse holder
and other resistive elements within the PCC.
Fuse Equivalent Resistance = 0.001 Ω

21.3 Support Systems
The following subsystems are created to support the simulation models.
21.3.1 Sensors

Figure 21-2 AC Bus Sensors
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21.3.2 Transformation

Figure 21-3 Primary Current & Voltage abc/dq Transformation
21.3.3 Monitor System

Figure 21-4 AC Power Monitoring
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21.4 Inverter Subsystem
The inverter subsystem provides the AC to DC conversion using power electronics
components consisting of a three-level bridge, LC filter and step-up transformer (see
Figure 21-5). The LC Filter and Transformer are described in the next sections. The
control algorithm generates the switching signal (pulses) which operates the three
level bridge to perform the conversion from DC to AC.

Figure 21-5 Inverter Subsystem
21.4.1 Three-Level Bridge
The three level bridge is based on the physical characteristics of the 6-Pack selected
for the inverter implementation (PowerEx FM200TU-07A). The 6-Pack is simulated
using the Universal Bridge SimPowerSystems block with the following parameters:
Number of arms = 3
Snubber Resistance Rs = 1e5 Ω
Snubber Capacitance Cs = inf
Device = Mosfet/Diodes
Ron = 1.2 e-3 Ω
The Switching frequency is selected to be a multiple of the fundamental of 60 Hz:
Fs = 4860*2 Hz = 9720 Hz
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21.4.2 Inverter Fuse
The inverter fuse protects the inverter from excessive fault current.
Fuse Equivalent Resistance = 0.01 Ω
21.4.3 Inverter Breaker (Disconnect)
Resistance = 0.001Ω Ron
Snubber: Rp = 1e6 Ω, Cp = inf
Default State = Closed
Device: ABB 3 Phase, OETL NF30

Figure 21-6 PWM Subsystem
21.4.4 PWM
The PWM Subsystem generates the modulation signal that is delivered to the
Inverter Subsystem to control the 3-level bridge rectifier as shown in Figure 21-6.
Generator Mode = 3-arm bridge (6 pulses)
Switching Carrier Frequency Fs = Fc = 4860*2 Hz

21.5 LC Filter Subsystem
The simulated LC Filter is based on the physical implementation of the filter in the
experimental inverter. The LC filter shown in Figure 21-7 consists of a three phase
inductor in series connected to a capacitor bank connected in a delta configuration
shown in Figure 21-8.

403
21.5.1 Inverter Voltage & Current Sensors
To control the system with regards to the primary side of the transformer, the
primary voltage (line-to-neutral) and inductor line current is required. To measure
the primary line-to-neutral voltage, the voltage across each filter capacitor was
measured by converting the delta configuration of the capacitor bank to a wye (star)
configuration with a common central point (neutral).
21.5.2 Inductor
Inductor (Branch) Lf= 0.14 mH (0.14 e-3 H)
Inductor Resistance RL = 0.016 Ω
Device: Transfab TMS KLR80BTB, 3 Phase, 60 Hz, Max 600V, Max 60A
21.5.3 Capacitor
Capacitor Bank (Branch) Cf = 135 e-6 F
Capacitor Resistance RC = 0.01 Ω
Device: Panasonic, SMF Series Film Capacitor, 180 VAC
10 μF Panasonic JSU18X106AQJ
15 μF Panasonic JSU18X156AQP
20 μF Panasonic JSU18X206AQD

Figure 21-7 LC Filter Subsystem
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Figure 21-8 Delta Capacitor Branch Configuration
The LC Filter sub system is utilized in all of the test models as well as the final
simulation model. Due to variations in physical construction of the inductor and the
capacitor bank, each phase is not identical for the implemented LC filter. These
variations are seen in unbalance in the phases.

21.6 Transformer
The step-up transformer provides boost and isolation to each phase (seen in Figure
21-9). The transformer is modeled as an ideal transformer with an equivalent
resistance and inductance on the primary side.
Primary Windings ABC = Delta (D1)
Secondary Windings abc = Y
Primary Windings V1 ph-ph(rms) = 12, R1 = 0.0 pu, L1 = 0.0 pu
Secondary Windings V2 ph-ph(rms) = 208, R2 = 0.0 pu, L2 = 0.0 pu
Nominal Frequency Fn = 60 Hz
Nominal Power Pn = 2e3 VA
Magnetization Resistance Rm = 500 pu
Magnetization Inductance Lm = 500 pu

405
Equivalent resistance and inductance for an ideal transformer:
RT = 0.014 Ω
LT = 10 e-6 H
Device: Transfab TMS 3O 9439 AS

Figure 21-9 Transformer Subsystem

Figure 21-10 DC Interface

21.7 DC Interface
The DC interface components are assigned values matching the physical
implementation in the experimental inverter. The DC interface will remain the same

406
for all simulations as shown in Figure 21-10. The switches in the DC Interface are
automatically closed at the start of the simulation. Either the Battery Source (Ideal
FC Model) or the Fuel Cell Electric Model can be attached to the DC Interface.
21.7.1 Fuel Cell Switch
The switch is initiated by the Nexa Fuel Cell controller and consists of an
electronically controlled single pole switch located in the Fuel Cell Interface Module.
Resistance = 0.001Ω Ron
Snubber: Rp = 1e6 Ω, Cp = inf
Initial State = Open (0)
Device: Matsushita AEV16012
21.7.2 Fuel Cell Breaker
The fuel cell breaker is located in the Fuel Cell interface module and provides a
means of local disconnect for the fuel cell.
Resistance = 0.001Ω Ron
Snubber: Rp = 1e6 Ω, Cp = inf
Initial State = Open (0)
1 Pole
Device: Carling Tech. EA1-B0-24-810-32C-DC, 100A, 240V
21.7.3 Diode
The diode provides reverse current flow protection for the fuel cell and is located in
the fuel cell interface module.
Snubber Resistance Rs = 500 Ω
Snubber Capacitance Cs = 25e-9 F
Ron = 2.77e-3 Ω
Lon = 0 H
Forward Voltage Vf = 1.73 V
Initial Current Ic = 0 A
Device: IR T70HFL20S02
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21.7.4 DC Link Capacitor
The DC Link consists of two DC capacitors in parallel located within the inverter
enclosure.
CDC1 = 2200 µF @ 400 V
CDC2 = 10000 µF @ 400 V
21.7.5 DC Breaker
The DC connection to the inverter enclosure is via a two pole DC breaker.
Resistance = 0.001Ω Ron
Snubber: Rp = 1e6 Ω, Cp = inf
Initial State = Open (0)
Device: Eaton QCR2060, 60 A
21.7.6 DC Isolator
The front panel of the inverter enclosure provides a DC isolator switch that can be
used to control the connection of the DC source. The DC isolator is implemented
using a 3 pole V Frame.
Resistance = 0.001Ω Ron
Snubber: Rp = 1e6 Ω, Cp = inf
Initial State = Open (0)

21.8 Simulation Model Components
The simulation test models are used to validate the basic building blocks used by the
voltage and current controller as well as the dual mode controller. Each of the
common blocks has individual tests to validate their operation. Table 21-1 and 21-2
lists all of the components built to support simulation of this work. The test models
are described in the following sections.
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Table 21-1 Models Component List
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21.8.1 Support Models
21.8.1.1 Open Loop Model
The Open Loop Model is used to validate the accuracy of the simulated power
electronic devices when compared to the laboratory devices.

The controller

operates on a fixed reference signal which remains unchanged with any change of
load. The open loop controller is not suitable for grid connection testing. No
regulation of voltage or current is performed. For open loop operation the voltage
signals used to generate the PWM signals are fixed such that:
V = Amplitude * sin(Frequency*t + Phase) + Bias
Where:
Va = (1) * sin( 377 rad/sec * t + (0) rad ) + 0
Vb = (1) * sin( 377 rad/sec * t + (– 2 pi / 3) rad ) + 0
Vc = (1) * sin( 377 rad/sec * t + (+ 2 pi / 3) rad ) + 0
21.8.1.2 PLL Test Model
The phase locked loop test harness is used to validate the implementation of the PLL
which will be used by all of the controllers. The test builds on the previous open
loop model by extracting the reference signals from the primary voltage, secondary
voltage and the grid voltage.
21.8.1.3 Current Control Test Model
The current control model is divided into the power subsystems and the control
subsystems.

The power subsystems consist of the: Test DC Source, Inverter

Subsystem, Isolators, Grid Source and Loads. The interface between the power and
control subsystems is through the Sensor blocks. The Monitor subsystem and the
Scope blocks are used during the simulation to observe the operation of the system
and to collect simulation results.
Controller and Sync Primary.

The control subsystems include the Current
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21.8.1.4 Voltage Control Test Model
The development of the voltage controller model provides basic voltage and
frequency regulation during load changes. The test harness validates the voltage
controller which is dependent on having a functioning current controller validated
in the previous section.
21.8.2 Test Harnesses
21.8.2.1 State Machine Test Harness
The supervisory state machine test system is used to create many different test
scenarios to allow the supervisory control logic to be fully exercised. Each control
mode is tested as well as each user interaction. For these tests the actual power
system operation is not required.
21.8.2.2 Synchronization Test Harness
The synchronization test model focuses on the start-up of the system and the black
start operation of the system.

The generation of the internal synchronization

signals to be used by the controllers are individually validated.

The transitions

between connected and disconnected states are tested.
21.8.2.3 Microgrid Operation Test Harness
The purpose of the Operations Test Model is to validate the overall operation of the
microgrid controller. The operation of the different grid connected control modes
are validated using this test setup. Each of the major components of the system
were connected to a common three phase AC bus (208 Volts) with a breaker to
provide independent control of the connection state of each component.

The

Connection Information Subsystem is used to simulate the interface between the
inverter and the PCC which is used to determine the connection state.
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